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Single-walled carbon nanotubes (SWCNTs) are of a unique family of materials 
emerging high-performance applications in electronics and optoelectronics. 
However, despite significant progress over the last 25 years, the problem of 
SWCNT production with tailored characteristics, the absence of the growth models 
and post-synthesis methods to improve specific SWCNT properties are still the 
main barriers towards a wide range of applications. The methods of the SWCNT 
synthesis, data processing and SWCNT treatment developed so far are still not 
fully optimized.  
In the current thesis, the abovementioned problems were addressed with the 
following demonstration of advanced applications of SWCNT films: 
A new reactor for the aerosol CVD growth of SWCNTs equipped with a spark 
discharge generator of catalyst nanoparticles was developed. The design 
proposed resulted in a robust apparatus when compared with the ferrocene CVD 
reactor. The stability and scalability of the SWCNT synthesis are the main benefits 
of the spark discharge generator. 
An advanced control on the diameter distribution, defectiveness, and the yield 
for the first time was achieved through the use of the artificial neural networks 
(ANN). This allowed us to achieve a precise control towards mutual relation 
between the reactor parameters and key SWCNT characteristics. The 
methodology proposed can help with adjusting the diameter distribution, yield and 
quality of SWCNTs with prediction error 4%, 14%, 23% respectively for very a 
limited data set. 
A novel technique for the post-synthesis improvement of electro-optical 
characteristics of SWCNT films by a laser treatment was proposed. In this process 
by a short pulse laser irradiation, the transparency of SWCNT films increases 
without any changes in conductivity presumably due to the oxidation of the catalyst 
particles. We improved transparency by 4%, and decreased equivalent sheet 
resistance by 21%. 
All developed techniques and methods contributed to the synthesis of SWCNTs 
with defined characteristics open a new possibility for their applications. Thesis 
work includes three different electro-optical devices with advanced performance: 
I) a bolometer based on a freestanding SWCNT film showing response time of 2.6 
ms at room temperature and 1 mbar (several times faster than the corresponding 
industrially applied devices); II) an SWCNT-based heating element of fiber Bragg 
grid for smooth tuning of the resonant wavelength and a stable laser signal; III) a 
saturable absorber based on SWCNT films showing femtosecond pulse generation 
and low degradation rate.  
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
, 9<,DNRYOHY<$6NO\XHYD)6)HGRURY'35XSDVRY ,PSURYHPHQWRI
RSWRHOHFWURQLF SURSHUWLHV RI VLQJOHZDOOHG FDUERQ QDQRWXEH ILOPV E\ ODVHU
WUHDWPHQW'LDPRQGDQG5HODWHG0DWHULDOV
,, 9< ,DNRYOHY '9 .UDVQLNRY (0 .KDEXVKHY -9 .RORGLD]KQDLD $*
1DVLEXOLQ $UWLILFLDO QHXUDO QHWZRUN IRU FRQWUROOHG V\QWKHVLV RI VLQJOHZDOOHG
FDUERQQDQRWXEHVE\DHURVRO&9'PHWKRG&DUERQ
,,, 9<,DNRYOHY'9.UDVQLNRY(0.KDEXVKHY$$$OHNVHHYD1,5DJLQRY
$.*UHEHQNR$37VDSHQNR%<=DEHOLFK-9.RORGLD]KQDLD$*1DVLEXOLQ$
FRPSDUDWLYHVWXG\RIIHUURFHQHDQGVSDUNGLVFKDUJHDHURVRO&9'UHDFWRUVIRU
VLQJOHZDOOHGFDUERQQDQRWXEHJURZWKWKHUROHRIH[VLWXQXFOHDWLRQ&KHPLFDO
(QJLQHHULQJ-RXUQDOVXEPLWWHGSDJHV
,9 '9.UDVQLNRY%<=DEHOLFK9<,DNRYOHY$37VDSHQNR6$5RPDQRY
$$$OHNVHHYD$.*UHEHQNR$*1DVLEXOLQ$VSDUNGLVFKDUJHJHQHUDWRUIRU
VFDODEOHDHURVRO&9'V\QWKHVLVRIVLQJOHZDOOHGFDUERQQDQRWXEHVZLWKWDLORUHG
FKDUDFWHULVWLFV&KHPLFDO(QJLQHHULQJ-RXUQDO9
9 '6.RS\ORYD1<%ROG\UHY9<,DNRYOHY<**ODGXVK$*1DVLEXOLQ$
ERORPHWHU EDVHG RQ VLQJOHZDOOHG FDUERQ QDQRWXEHV DQG K\EULG PDWHULDOV
4XDQWXP(OHFWURQLFV
9, <**ODGXVK2,0HGYHGNRY6$9DVLO¶HY'6.RS\ORYD9<<DNRYOHY
$*1DVLEXOLQ&RQWURORYHUWKHUHVRQDQFHZDYHOHQJWKRI ILEHU%UDJJJUDWLQJV
XVLQJ UHVLVWLYH FRDWLQJV EDVHG RQ VLQJOHZDOO FDUERQ QDQRWXEHV 4XDQWXP
(OHFWURQLFV
9,, $$ 0NUWFK\DQ <* *ODGXVK ', *DOLDNKPHWRYD 9< <DNRYOHY 97
$KW\DPRY $* 1DVLEXOLQ 'U\WUDQVIHU WHFKQLTXH IRU SRO\PHU IUHH VLQJOH
ZDOOHG FDUERQ QDQRWXEH VDWXUDEOH DEVRUEHU RQD VLGHSROLVKHG ILEHU2SWLFDO
PDWHULDOVH[SUHVV 
,9

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
 9<,DNRYOHY<$6NO\XHYD)6)HGRURY'35XSDVRY,PSURYHPHQW
RIRSWRHOHFWURQLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHILOPVE\ODVHU
WUHDWPHQW'LDPRQGDQG5HODWHG0DWHULDOV
R)DEULDWLRQ RI VDPSOHV WUHDWPHQW SURFHVV HOHFWULFDO DQG RSWLFDO
FKDUDFWHUL]DWLRQGDWDDQDO\VLVSUHSDUDWLRQRIWKHPDQXVFULSW
x 9<,DNRYOHY'9.UDVQLNRY(0.KDEXVKHY-9.RORGLD]KQDLD$*
1DVLEXOLQ$UWLILFLDOQHXUDOQHWZRUNIRUFRQWUROOHGV\QWKHVLVRIVLQJOHZDOOHG
FDUERQQDQRWXEHVE\DHURVRO&9'PHWKRG&DUERQ
R7KH GHVLJQ RI D UHDFWRU RSWLFDO FKDUDFWHUL]DWLRQ GDWD SURFHVVLQJ
PHWKRGRORJ\GHYHORSPHQWSUHSDUDWLRQRIWKHPDQXVFULSW
x 9< ,DNRYOHY '9 .UDVQLNRY (0 .KDEXVKHY $$ $OHNVHHYD 1,
5DJLQRY$.*UHEHQNR$37VDSHQNR%<=DEHOLFK-9.RORGLD]KQDLD$*
1DVLEXOLQ$FRPSDUDWLYHVWXG\RI IHUURFHQHDQGVSDUNGLVFKDUJHDHURVRO
&9'UHDFWRUVIRUVLQJOHZDOOHGFDUERQQDQRWXEHJURZWKWKHUROHRIH[VLWX
QXFOHDWLRQ&KHPLFDO(QJLQHHULQJ-RXUQDOVXEPLWWHGSDJHV
R'HVLJQRID UHDFWRURSWLFDOFKDUDFWHUL]DWLRQ IDEULFDWLRQRIVDPSOHV
GDWDSUHSDUDWLRQSUHSDUDWLRQRIPDQXVFULSW
x '9 .UDVQLNRY %< =DEHOLFK 9< ,DNRYOHY $3 7VDSHQNR 6$
5RPDQRY$$$OHNVHHYD$.*UHEHQNR$*1DVLEXOLQ$VSDUNGLVFKDUJH
JHQHUDWRU IRU VFDODEOH DHURVRO &9' V\QWKHVLV RI VLQJOHZDOOHG FDUERQ
QDQRWXEHV ZLWK WDLORUHG FKDUDFWHULVWLFV &KHPLFDO (QJLQHHULQJ -RXUQDO
9
R'HYHORSPHQWRIUHDFWRUFRQFHSWDVVHPEO\RIVHWXSWXQLQJRI6'*
GLVFXVVLRQRIWKHUHVXOWV
x '6.RS\ORYD1<%ROG\UHY9<,DNRYOHY<**ODGXVK$*1DVLEXOLQ
$ERORPHWHUEDVHGRQVLQJOHZDOOHGFDUERQQDQRWXEHVDQGK\EULGPDWHULDOV
4XDQWXP(OHFWURQLFV
R6\QWKHVLV DQG RSWLPL]DWLRQ RI 6:&17V VDPSOH IDEULFDWLRQ
GLVFXVVLRQRIWKHUHVXOWV
x <**ODGXVK2,0HGYHGNRY6$9DVLO¶HY'6.RS\ORYD9<<DNRYOHY
$*1DVLEXOLQ&RQWURORYHUWKHUHVRQDQFHZDYHOHQJWKRIILEHU%UDJJJUDWLQJV
XVLQJUHVLVWLYHFRDWLQJVEDVHGRQVLQJOHZDOOFDUERQQDQRWXEHV4XDQWXP
(OHFWURQLFV
R6\QWKHVLVDQGRSWLPL]DWLRQRI6:&17SURSHUWLHVVDPSOHIDEULFDWLRQ
HOHFWULFDODQGRSWLFDOFKDUDFWHUL]DWLRQGLVFXVVLRQRIWKHUHVXOWV
x $$ 0NUWFK\DQ <* *ODGXVK ', *DOLDNKPHWRYD 9< <DNRYOHY 97
$KW\DPRY $* 1DVLEXOLQ 'U\WUDQVIHU WHFKQLTXH IRU SRO\PHUIUHH VLQJOH
ZDOOHGFDUERQQDQRWXEHVDWXUDEOHDEVRUEHURQDVLGHSROLVKHGILEHU2SWLFDO
PDWHULDOVH[SUHVV
R6\QWKHVLVDQGRSWLPL]DWLRQRI6:&17SURSHUWLHVVDPSOHIDEULFDWLRQ
RSWLFDOVDPSOHFKDUDFWHUL]DWLRQGLVFXVVLRQRIWKHUHVXOWV
  
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
' GLPHQVLRQDO
' GLPHQVLRQDO
' GLPHQVLRQDO
$)0 $WRPLFIRUFHPLFURVFRS\
$11 $UWLILFLDOQHXUDOQHWZRUN
&9' &KHPLFDOYDSRUGHSRVLWLRQ
'0$ 'LIIHUHQWLDOPRELOLW\DQDO\]HU
'26 'HQVLW\RIVWDWHV
'7$ 'LIIHUHQWLDOWKHUPDODQDO\VLV
)%*V )LEHU%UDJJJUDWLQJV
)7,5
):+0
)RXULHUWUDQVIRUPLQIUDUHG
)XOOZLGWKDWKDOIPD[LPXP
+L3&2 +LJKSUHVVXUH&2
+0/ +DUPRQLFPRGHORFN
,5 ,QIUDUHG
,72 ,QGLXPWLQR[LGH
/3)* /RQJSHULRGILEHUJUDWLQJ
1(3 1RLVHHTXLYDOHQWSRZHU
3'/ 3RODUL]DWLRQGHSHQGHGORVVHV
300$ 3RO\PHWK\OPHWKDFU\ODWH
5%0 5DGLDOEUHDWKLQJPRGHV
6$ 6DWXUDEOHDEVRUEHUV
6'* 6SDUNGLVFKDUJHJHQHUDWRU
6(0 6FDQQLQJHOHFWURQPLFURVFRS\
6(6$0 6HPLFRQGXFWRUVDWXUDEOHDEVRUEHUPLUURU
60) 6WDQGDUGVLQJOHPRGHILEHU
6:&17 6LQJOHZDOOHGFDUERQQDQRWXEH
7(0 7UDQVPLVVLRQHOHFWURQPLFURVFRS\
7*$ 7KHUPRJUDYLPHWULFDQDO\VLV
89YLV1,5 8OWUDYLROHWYLVLEOHDQGQHDULQIUDUHG
;36 ;UD\SKRWRHOHFWURQVSHFWURVFRS\
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
$OOKXPDQKLVWRU\LVVWURQJO\FRQQHFWHGZLWKWHFKQRORJ\WKHFXUUHQW
DGYDQFHV VKDSH RXU OLIHVW\OH DQG HYHQ D YLVLRQ RI WKH IXWXUH0RYLQJ
WKURXJKWKHHSRFKVVWRQHDJHZKHQSHRSOHJHWILUVWPHFKDQLFDOWRROV
EURQ]H DJH ZLWK LQQRYDWLYH FRQVWUXFWLRQ DQG PLOLWDU\ LURQ FKDQJHG
ORJLVWLFV ZLWK UDLOZD\V DQG ODUJH VKLS ZH DUH VWLOO H[DPLQLQJ RXU
XQGHUVWDQGLQJRIWKHOLPLWVWKHSODQHWLVDOUHDG\WRRVPDOOZKLOHVSDFHLV
VWLOOWRRLQKRVSLWDEOH6LOLFRQJDYHXVHOHFWURQLFVDQGFKDQJHGDOOUXOHVRQ
WKHPDUNHWRILQIRUPDWLRQ1RZZHDUHRQWKHEULQNRIDQHZHUDVKDSHG
E\QDQRWHFKQRORJ\JHQHWLFWKHUDS\DUWLILFLDOLQWHOOLJHQFH$QGDVLQWKH
SDVWPDWHULDOVDUHDEDVHPHQWRIWKLVDJHWRFRPH
6LQJOHZDOOHG FDUERQ QDQRWXEHV 6:&17V KDV EHHQ RQH RI WKH
SLRQHHUPDWHULDOVRIQDQRWHFKQRORJ\DWWUDFWLQJDQH[WHQVLYHDWWHQWLRQRI
WKHVFLHQWLILFFRPPXQLW\GXULQJWKHODVW\HDUV'XHWRDXQLTXHVHWRI
PHFKDQLFDORSWLFDODQGHOHFWURQLFSURSHUWLHV6:&17DUHFRQVLGHUHGWR
EHD SURPLVLQJ FRPSRQHQW RI YDULRXV DSSOLFDWLRQV IURPDHURVSDFH WR
QDQRHOHFWURQLFV IURP FDWDO\VLV WR FRQVWUXFWLRQ PDWHULDOV 7KH HIIRUWV
GHYRWHG WR WKH UHVHDUFK !   SXEOLFDWLRQV VLQFH ODQGPDUN
SXEOLFDWLRQ LQ  >@ UHVXOWHG LQ VHYHUDOPHWKRGV IRU WKH QDQRWXEH
V\QWKHVLV7KLVOHGQRWRQO\WRDFRQVLGHUDEOHIXQGDPHQWDOSURJUHVV>@
>@ EXW DOVR WR HVWDEOLVKLQJ RI D FRPPHUFLDO PDUNHW >@ ± FDWDO\WLF
FKHPLFDOYDSRUGHSRVLWLRQ&9'LQIOXLGL]HGEHGV>@>@IORDWLQJEHGRI
FDWDO\VW>@>@KLJKSUHVVXUH&2+L3&2GHFRPSRVLWLRQRIIHUURFHQH
>@ DUH WKH PHWKRGV WR SURYLGH D ZLGH YDULHW\ RI QDQRWXEHEDVHG
SURGXFWV:KLOHDODUJHVFDOHQDQRWXEHSURGXFWLRQ>@PRVWO\UHOLHVRQ
IOXLGL]HGEHGVDQGIORDWLQJFDWDO\VWUHDFWRUVFRYHULQJWKHFRPSRVLWHDQG
IXQFWLRQDO PDWHULDO DSSOLFDWLRQV WKH IDEULFDWLRQ RI ³QH[W JHQHUDWLRQ´
HOHFWURQLFV VHQVRUV DQG WUDQVSDUHQW FRQGXFWRUV LV LQVHSDUDEO\
FRQQHFWHGZLWKLQGLYLGXDOFDUERQQDQRWXEHVZLWKSUHGHILQHGSURSHUWLHV
QDPHO\FKLUDOLW\DQG OHQJWKGLVWULEXWLRQVDOLJQPHQWDQGDJJORPHUDWLRQ
GHJUHH>@7KHODVWSDUDPHWHUFDQEHHYHQFRQVLGHUHGDVDNH\EDUULHU
IRU WKH DGYDQFHG DSSOLFDWLRQV DV WKH GLVHQWDQJOHPHQW RI WKH


DJJORPHUDWHVSURGXFHGE\ ODUJHVFDOHV\QWKHVLV LPSOLHVDFKDOOHQJLQJ
WDVNWKH9DQGHU:DDOVLQWHUDFWLRQXVXDOO\FRQVLGHUHGWREHDZHDNRQH
FRD[LDOO\JOXHV WZR6:&17VZLWKDQHQHUJ\RIDERXWH9ȝP >@
SURYLGLQJHQRXJKHQHUJ\HYHQIRULRQH[FLWDWLRQV>@7KHWHFKQLTXHVIRU
GLVSHUVLRQ RI FDUERQ QDQRWXEHV GHYHORSHG VR IDU HJ EDOO PLOOLQJ
XOWUDVRQLFDWLRQ FDOHQGHULQJ OHDG HLWKHU WR D ORZ GHJUHH RI
GLVHQWDQJOHPHQWRUWRDFHUWDLQGDPDJHRIFDUERQQDQRWXEHVWUXFWXUHE\
DUHGXFWLRQLQOHQJWKRULQFUHDVHLQGHIHFWLYHQHVV>@7KXVDHURVRO&9'
>@±WKHVSHFLILFFDVHRIWKHUHDFWRUW\SHZLWKDIORDWLQJEHGRIH[WUHPHO\
GLOXWHGFDWDO\VW± LVFRQVLGHUHGWREHWKHPRVWSURPLVLQJWHFKQLTXHIRU
WKH6:&17V\QWKHVLVIRUDGYDQFHGHOHFWURQLFGHYLFHV>@>@>@
+RZHYHU GHVSLWH VLJQLILFDQW SURJUHVV LQ WKH DHURVRO &9' WKH
SUREOHP RI 6:&17 SURGXFWLRQ ZLWK WDLORUHG FKDUDFWHULVWLFV LV VWLOO
FKDOOHQJLQJ EHLQJ RQH RI WKH PDLQ EDUULHUV WRZDUGV D ZLGH UDQJH RI
DSSOLFDWLRQV7KHPHWKRGVRI6:&17V\QWKHVLVGHYHORSHG WRGDWHDV
ZHOODVWHFKQLTXHVIRUSRVWV\QWKHVLVWUHDWPHQWDQGNLQHWLFPRGHOVDUH
VWLOOQRW IXOO\RSWLPL]HG7KLVFDQEHDWWULEXWHGWRWKHIROORZLQJDVSHFWV
7KHKLVWRULFDOGHYHORSPHQWRIWKH6:&17V\QWKHVLVWHFKQRORJ\FDQEH
FKDUDFWHUL]HGE\DPDQXDOVHDUFKRIWKHEHVWV\QWKHVLVFRQGLWLRQVDQGD
ORFDO WURXEOHVKRRWLQJ +RZHYHU VXFK D VWUDWHJ\ UHVXOWHG LQ UHGXFHG
VFDODELOLW\RIWKHWHFKQRORJLHVIRUWKH6:&17JURZWKDQGSRRUSUHGLFWLRQ
PRGHOV7KLVFDQEHDWWULEXWHGWRDFRPSOH[QDWXUHRIWKHPHFKDQLVPV
IRU 6:&17 QXFOHDWLRQ JURZWK DQG WHUPLQDWLRQ WKDW FRPSOLFDWHV
HPSOR\PHQW RI FODVVLFDO DQDO\WLFDOPRGHOV:H SURSRVH DQ DGYDQFHG
PHWKRGRIV\QWKHVLVZLWKDVWDEOHUHDFWRUZLWKPRGHUQGHVLJQIRUDUREXVW
V\QWKHVLV SURFHVV DQG DUWLILFLDO QHXUDO QHWZRUNV IRU FRPSOH[ PXOWL
SDUDPHWHUWDVNVLQVSLULQJWKHFRUUHVSRQGLQJUHVHDUFK
7KHFXUUHQWWKHVLVLVGHYRWHGWRWKHV\QWKHVLVRI6:&17VZLWKWDLORUHG
FKDUDFWHULVWLFV VWDUWLQJ IURP D EULHI RYHUYLHZ ZH IRFXV RQ QRYHO
DSSURDFKHVIRU6:&17V\QWKHVLVWDUJHWLQJRQDHURVRO&9'DGYDQFHG
GDWD SURFHVVLQJ DQG IXUWKHU SRVWV\QWKHVLV PRGLILFDWLRQ RI FDUERQ
QDQRWXEHV ZKLOH WKH DGYDQFHV DFKLHYHG DUH SURYHQ E\ D IHZ
SURQRXQFHG HOHFWURRSWLFDO DSSOLFDWLRQV $W WKH VDPH WLPH WKH RSWLFDO
WUDQVLWLRQ RI 6:&17V LV RQH RI WKHPDLQ SDUDPHWHUV IRU GHYLFHV OLNH


WUDQVSDUHQW FRQGXFWRUV DQG ZH SDLG DWWHQWLRQ WR WKH LPSURYHPHQW RI
RSWLFDO SURSHUWLHV E\ WKH DGGLWLRQDO QRQGLVWUDFWLYH SRVWV\QWKHVLV
PHWKRG $OO WKHVH VWHSV FDQ PDNH 6:&17 ILOPV RQH RI WKH PRVW
GHVLUDEOHPDWHULDOVIRUHOHFWURRSWLFDODSSOLFDWLRQV
 


 &$5%211$1278%(6
 6758&785(
$XQLTXHEDODQFHEHWZHHQK\EULGL]DWLRQXSWRIRXUFRYDOHQWERQGV
DQGHQHUJ\RI&&ERQGV!N-PROHSURYLGHVDQHQRUPRXVDPRXQW
RIVWDEOHFRPELQDWLRQVZKLOHWKHDOORWURSHVRIVSQDQRFDUERQVQDPHO\
IXOOHUHQHV FDUERQ QDQRWXEHV DQG JUDSKHQH FDQ EH UHVSHFWLYHO\
GHVFULEHGDV''DQG'VWUXFWXUHV)LJOHDGLQJWRDYDULHW\RI
LQWHUHVWLQJ SHFXOLDULWLHV LQ HOHFWURQLF VWUXFWXUH DQG WKHUHE\ SK\VLFDO
FKDUDFWHULVWLFV

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIDJUDSKHQHEIXOOHUHQHF
VLQJOHZDOOHGFDUERQQDQRWXEH
$6:&17FDQEHUHSUHVHQWHGDVDJUDSKHQHVKHHWUROOHGLQDWXEH
)LJFLQFHUWDLQFLUFXPVWDQFHVZLWKIXOOHUHQHOLNHFDSVRQWKHWLSV
0XOWLZDOOHGFDUERQQDQRWXEHVFDQEHDWWULEXWHGWRDVXSHUSRVLWLRQRIWZR
H[WUHPHFDVHV±D5XVVLDQGROOVWUXFWXUH)LJDDQGVSLUDO)LJ
E0RUHRYHUWKHVWUXFWXUHFDQEHDIIHFWHGE\GHIHFWVOHDGLQJWRSDUWLDOO\
GLVRUGHUHGWKHPRVWH[SHULPHQWDOO\DEXQGDQW)LJFRUSRO\JRQDO
IRUPV)LJG7KHVHYDULHW\RIVWUXFWXUHV LWVHOIDOORZVFRQVLGHULQJ
FDUERQQDQRWXEHVDVDFODVVRIPDWHULDOVZLWKDZLGHUDQJHRISURSHUWLHV


D E F



)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIGLIIHUHQWVWUXFWXUHVRIPXOWL
ZDOOHGFDUERQQDQRWXEHVD5XVVLDQGROOEVSLUDOFSDUWLDOO\GLVRUGHUHG
GSRO\JRQDO>@
7KHYDULHW\RISRVVLEOHQDQRWXEHVWUXFWXUHVHQKDQFHVZKHQDVLPSOH
YLUWXDOUROOLQJRID6:&17IURPDJUDSKHQHVKHHWLVFRQVLGHUHGWKHUHLV
DQLQILQLWHQXPEHURISDWWHUQVIRUUROOLQJ7KLVUHVXOWVQRWRQO\LQGLIIHUHQW
6:&17GLDPHWHUVEXWDOVRDVLWZLOOEHVKRZQEHORZDIIHFWVHOHFWURQLF
DQGPHFKDQLFDOSURSHUWLHVRIFDUERQQDQRWXEHVWREHIRUPHG'XHWR'
QDWXUHRIJUDSKHQHWKHUROOLQJSURFHGXUHFDQEHXVXDOO\GHVFULEHGZLWK
DSDLURISDUDPHWHUVGLDPHWHUDQGFKLUDOLW\DQJOH)LJRUVRFDOOHG
FKLUDOLW\YHFWRUVDDQGDRUFKLUDOLW\LQGLFHVQDQGP2QHRIWKHPRVW
LQWHUHVWLQJIHDWXUHVFRQFHUQLQJWKHFKLUDODVSHFWVRIFDUERQQDQRWXEHVLV
WKHGLUHFW UHODWLRQEHWZHHQWKHFKLUDOLW\YHFWRUVDQGWKHEDQG VWUXFWXUH
)LJZKHQDD NZKHUHNLVDQLQWHJHU«D6:&17KDV
D EDQGJDS 57 UHVHPEOLQJ PHWDOOLF SURSHUWLHV DW URRP WHPSHUDWXUH
ZKLOHWKHFDVHRIQ PLVH[FHSWLRQDODQGFRQVLGHUHGWREHWUXO\PHWDOOLF
VRFDOOHGDUPFKDLUFRQILJXUDWLRQ$OOWKHRWKHUSRVVLELOLWLHVDUHDWWULEXWHG
WRWKHVHPLFRQGXFWLQJEHKDYLRUDWURRPWHPSHUDWXUH



)LJXUH  D 7KH XQUROOHG KRQH\FRPE ODWWLFH RI D QDQRWXEH
'HWHUPLQLQJWKHFKLUDOYHFWRUDQGWKHWUDQVODWLRQYHFWRURIWKHQDQRWXEH
UHVSHFWLYHO\7KHILJXUHFRUUHVSRQGVWRDFKLUDOYHFWRU6:&177KH
FKLUDODQJOHLVLQGLFDWHGE\șEFKLUDOLW\PDSLQGH[HVRIFKLUDOLW\YHFWRU
PDUNHG ZLWK UHG DQG EODFN VHPLFRQGXFWLQJ DQG PHWDOOLF 6:&17V
FRUUHVSRQGLQJO\
7KHVWUXFWXUHRIDFDUERQQDQRWXEHGHILQHVWKHSK\VLFDOPHFKDQLFDO
RSWLFDOHOHFWULFDOSURSHUWLHVIRUPLQJQRWRQO\DFODVVRIPDWHULDOVZLWKD
ZLGH UDQJHRIFKDUDFWHULVWLFVEXWDOVRSURYLGLQJDQRSSRUWXQLW\ WR WXQH
WKRVH SURSHUWLHV IRU FHUWDLQ DSSOLFDWLRQV )RU H[DPSOH WKH FKLUDOLW\
E
D


GLVWULEXWLRQ GHILQHV LQ JHQHUDO HOHFWULFDO FRQGXFWLYLW\ RI WKH6:&17V
7KHLU WKLQ ILOPV DUH DIIHFWHGE\ WKH FRQQHFWLRQV EHWZHHQPHWDOOLF DQG
VHPLFRQGXFWLQJ QDQRWXEHV WKDW EHKDYH DV 6FKRWWN\ EDUULHUV $V WKH
HTXLOLEULXP IUDFWLRQ RI PHWDOOLF DQG VHPLFRQGXFWLQJ QDQRWXEHV LV
UHVSHFWLYHO\  DQG  >@ WXQLQJ WKH GLVWULEXWLRQ E\ WDUJHWHG
V\QWKHVLV RU E\ SRVW V\QWKHVLV WUHDWPHQW RSHQV DQ DYHQXH IRU WKH
LPSURYHPHQWRIRSWRHOHFWULFDOSURSHUWLHVRI6:&17V
 2372(/(&75,&$/3523(57,(62)&17),/06

&DUERQ QDQRWXEHV ZHUH VKRZQ WR SURYLGH D XQLTXH VHW RI
FKDUDFWHULVWLFVHJKLJKDVSHFWUDWLRXSWR>@ZKLFKUHVXOWVLQ
DORZSHUFRODWLRQWKUHVKROGIRUFRPSRVLWHVRUWKLQILOPVKHDWFRQGXFWLYLW\
XSWR:PɄLVWZRWLPHVKLJKHUWKDQWKDWRIGLDPRQGWKH<RXQJ¶V
PRGXOXVXSWR73DLVKLJKHUWKDQWKDWIRUWKHKLJKVWUHQJWKVWHHO>@
+LJKDVSHFWUDWLRFRPELQHGZLWKDFHUWDLQFRKHVLRQHQHUJ\SURYLGHD
URXWH IRU IRUPDWLRQ RI WKLQ WUDQVSDUHQW ILOPV ZKLOH WKH KLJK HOHFWULFDO
FRQGXFWLYLW\ RSHQV DQ DYHQXH IRU D VHW RI DSSOLFDWLRQV WKLQ ILOP
HOHFWURGHV IOH[LEOH WUDQVLVWRUV LQWHJUDWHGFLUFXLWVHWF ,QGHHGWKHILOPV
HVSHFLDOO\ LQDIUHHVWDQGLQJIRUP >@DUHPRVWO\UHVHPEOHDHURJHOOLNH
VWUXFWXUH ZKHUH RQO\ D VPDOO YROXPH IUDFWLRQ LV RFFXSLHG E\ WKH
QDQRWXEHV SURYLGLQJ D FHUWDLQ WUDQVSDUHQF\ LQ YLVLEOH OLJKW IRU YDU\LQJ
WKLFNQHVVHV IURP DURXQG KXQGUHGV RI QDQRPHWHUV DQG GRZQ WR WKH
VXEPRQROD\HUFRQILJXUDWLRQ)LJ



)LJXUHD)UHHVWDQGLQJ6:&17ILOPVRIGLIIHUHQW WKLFNQHVVHV
RYHUKROHVRQGLIIHUHQWVXEVWUDWHVEVWUXFWXUHRIVXEPRQROD\HU6:&17
ILOPRQHOHFWURQPLFURVFRS\>@
7KH SURSHUWLHV RI WKLQ 6:&17 ILOPV DUH VWURQJO\ FRQQHFWHG ZLWK
FKDUDFWHULVWLFV RI LQGLYLGXDO QDQRWXEHV 7KH HOHFWURQLF SURSHUWLHV RI
6:&17VDUHPDLQO\GHILQHGE\9DQ+RYHVLQJXODULWLHV±DVHWRIOHYHOV
ZLWKHQRUPRXVGHQVLW\QHDUO\V\PPHWULFDOO\ORFDWHGZLWKUHVSHFWWRWKH
)HUPL OHYHO LQGXFHGPRVWO\ E\ 'OLNH VWUXFWXUH RI FDUERQ QDQRWXEHV
0RUHRYHUWKHRSWLFVSHFWUXPRI6:&17VLVVWURQJO\DIIHFWHGE\WKRVH
VLQJXODULWLHVWKHWUDQVLWLRQVEHWZHHQV\PPHWULF]RQHVVRFDOOHG66
0HWFVKRZQDW)LJDUHPRUHLQWHQVHLQ89YLV1,5UDQJH
QPSUHVHQWHGDW)LJZKHQFRPSDUHGWRRWKHUFRXQWHSDUWV7KH
SRVLWLRQV RI DEVRUSWLRQ SHDNV DUH FKDUDFWHULVWLF WRZDUGV WKH 6:&17
VWUXFWXUH DQGPDLQO\ GHSHQGHQW RQ WKH FKLUDOLW\ +RZHYHU GXH WR WKH
WKHUPDOEURDGHQLQJDQGGRSLQJHIIHFWGXHWREXQGOLQJRURWKHUFKHPLFDO


FRPSRXQGV LW LV LPSRVVLEOH WR XQDPELJXRXVO\ GHWHUPLQH WKH FKLUDOLW\
GLVWULEXWLRQLQ6:&17VDPSOHVOLPLWLQJRQO\WRWKHGLDPHWHUGLVWULEXWLRQ
>@7KHFKLUDOLW\DQGWKHUHE\GLDPHWHUGHSHQGHQFHRIWKHWUDQVLWLRQ
HQHUJLHV LV UHSUHVHQWHG E\ VRFDOOHG .DWDXUD SORW ,QWHUHVWLQJO\ WKH
.DWDXUD SORW KDV IRXQG D ³UHYHUVH´ KLVWRU\ IRU 5DPDQ VSHFWURVFRS\
ZKHUHHQHUJ\LQWKLVFDVHODVHUH[FLWDWLRQHQHUJ\GHILQHVDQHQVHPEOH
RIWKH6:&17FKLUDOLWLHVSURYLGLQJUHVRQDQWVFDWWHULQJXVXDOO\REVHUYHG
DV UDGLDO EUHDWKLQJPRGHV PRUH LQIRUPDWLRQ LV JLYHQ LQ VHFWLRQ 
³5DPDQVSHFWURVFRS\´

)LJXUH6FKHPDWLFSUHVHQWDWLRQRIWKHGHQVLW\RIVWDWHV'26IRU
VHPLFRQGXFWLQJOHIWDQGPHWDOOLFULJKW6:&17V()±WKH)HUPLHQHUJ\
>@



)LJXUH7\SLFDODEVRUEDQFHVSHFWUDRI6:&17ILOPV LQ89YLV
1,5UDQJH7KHLQWUDEDQGWUDQVLWLRQEDQGV660DUHGHVLJQDWHG
7KLQILOPVRI6:&17VZHUHDOVRVKRZQWRVDWLVI\WKH%HHU/DPEHUW
ODZ>@
ܫ ൌ ܫ଴݁௔௛ǡ
ZKHUHܫ଴LVWKHLQWHQVLW\RIWKHLQFLGHQWDOEHDPKLVWKHWKLFNQHVVRI
WKH 6:&17 ILOP DQG D FRUUHVSRQGV WR WKH ZDYHOHQJWK GHSHQGHQW
DEVRUSWLRQFRHIILFLHQW7KLVHTXDWLRQFDQEHHPSOR\HGIRUHVWLPDWLRQRI
WKHILOPWKLFNQHVVE\DVVHVVPHQWRID89YLV1,5VSHFWUXP>@
/LNHRWKHUSURSHUWLHVLWLVWKHFDUERQQDQRWXEHVWUXFWXUHZKDWGHILQHV
WKH HOHFWURRSWLFDO SURSHUWLHV RI 6:&17 ILOPV LQ D ZLGH UDQJH )RU
H[DPSOHUHFHQWO\/LDRHWDO>@KDYHVKRZQWKDWZLWKDFHUWDLQWXQLQJRI
WKHGLDPHWHUGLVWULEXWLRQRI6:&17VDPSOHVLWLVSRVVLEOHWRREWDLQFRORU
ILOPV)LJ
    
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
)LJXUH  6:&17 ILOPV FROOHFWHG RQ ILOWHUV 'LIIHUHQW GLDPHWHU
GLVWULEXWLRQVFDXVHGLIIHUHQWFRORUVRIWKHILOPV>@
 0(7+2'6)256:&176<17+(6,6

7KHIRUPDWLRQRIFDUERQQDQRWXEHVLVDIIHFWHGE\FHUWDLQDVSHFWV>@
%HLJ D VS DOORWURSH RI JUDSKLWH ZLWK PHOWLQJ SRLQW !  . FDUERQ
QDQRWXEHV FDQQRW EH UHFRQVWUXFWHG E\ D ODWWLFH GLIIXVLRQ XQGHU WKH
WHPSHUDWXUHVORZHUFD.>@
7KHVH IDFWRUV GHWHUPLQH WKH QHFHVVLW\ RI D FDWDO\VW JHQHUDOO\ LW
VKDSHV WKH IRUP RI D FDUERQ SUHFLSLWDWH SURYLGHV D URXWH IRU WKH
WUDQVIRUPDWLRQRI WKHFDUERQFRQWDLQLQJVSHFLHVDW WHPSHUDWXUHV ORZHU
WKDQWKHPHOWLQJSRLQW>@0HWKRGVIRU6:&17SURGXFWLRQDUHXVXDOO\
FODVVLILHG E\ D URXWH RI FDUERQ WUDQVIRUPDWLRQ VRFDOOHG SK\VLFDO DQG
FKHPLFDOPHWKRGV
7KHSK\VLFDOPHWKRGVIRUWKH&17JURZWKDUHEDVHGRQDVXEOLPDWLRQ
DQGSUHFLSLWDWLRQRIFDUERQ)LJDQGGHDOZLWKKLJKWHPSHUDWXUH>@
>@DUFGLVFKDUJHODVHUDEODWLRQDQGRWKHUKHDWLQJEDVHGWHFKQLTXHV
ZKLFK PLJKW UHVXOW LQ JHQHUDWLRQ RI DWRPLF FDUERQ 7KH FDWDO\VW LQ D
SK\VLFDO PHWKRG IDFLOLWDWHV WKH FDUERQ WUDQVIRUPDWLRQ DQG LQKLELWV WKH
IRUPDWLRQRIFROODWHUDOFDUERQVSHFLHV1HYHUWKHOHVV6:&17VSURGXFHG
E\WKHSK\VLFDOPHWKRGVDUHREWDLQHGDVEXQGOHVDQGDJJORPHUDWHVRI
UDQGRP VKDSH DQG UHTXLUH IXUWKHU VHSDUDWLRQ DQG SXULILFDWLRQ IURP
FDWDO\VW SDUWLFOHV DQG DPRUSKRXV VSHFLHV 0RUHRYHU WKH KLJK
WHPSHUDWXUH RI WKH JURZWK ]RQH SURYLGHV D URXWH IRU UHYHUVLEOH
SUHFLSLWDWLRQ UHVXOWLQJ LQ 6:&17 VDPSOHV RI KLJK TXDOLW\ %HLQJ
KLVWRULFDOO\ ILUVW WR EH LPSOHPHQWHG WR SURGXFH JUDPVFDOH 6:&17
VDPSOHVWKHSK\VLFDOPHWKRGVSOD\HGDJUHDWUROHLQWKHGHYHORSPHQWRI
WKHFDUERQQDQRWXEHVFLHQFH+RZHYHUWKHFRPPRQSRRUVFDODELOLW\DQG


KLJKUHODWLYHFRVWRIKHDWLQJXSWRWKHJUDSKLWHPHOWLQJSRLQWLQKLELWHGWKHLU
DSSOLFDWLRQVLQLQGXVWU\XQOLNHWKHFKHPLFDORQHV

)LJXUH  3K\VLFDO PHWKRGV RI &17V SURGXFWLRQ ODVHU DEODWLRQ
UHDFWRUIRU&17V\QWKHVLVDQGDUNGLVFKDUJHUHDFWRUIRU&17V\QWKHVLV
>@
&KHPLFDO PHWKRGV IRU WKH 6:&17 V\QWKHVLV DUH EDVHG RQ WKH
FDWDO\WLF GHFRPSRVLWLRQ RI FDUERQFRQWDLQLQJ SUHFXUVRUV DQG PRVWO\
OLPLWHGWR&9'WHFKQLTXH>@7KHPDLQDGYDQWDJHRIWKLVPHWKRGLVWKH
SRVVLELOLW\ RI WKH JURZWK RI FDUERQ QDQRWXEHV DW UHODWLYHO\ ORZ
WHPSHUDWXUHV&0RUHRYHU&9'SURYLGHVDQHQKDQFHGFRQWURO
WRZDUGVWKHJURZWK]RQHDQGWKHFDWDO\WLFSHUIRUPDQFHRSHQLQJDZLGH
YDULHW\RIVXEFODVVHVSODVPDHQKDQFHG&9'ODVHULQGXFHG&9'HWF
:KHQ WKH HYROXWLRQ RI WKH FDWDO\VW LV FRQVLGHUHG WKHUH DUH WZRPDLQ
FKRLFHV


x VXEVWUDWH&9'DFDWDO\VWFRQVWDQWO\VWD\VLQDUHDFWRU]RQH
x IORDWLQJ FDWDO\VW D FDWDO\VW JUDGXDOO\ PRYHV WKURXJK D
UHDFWRU
*HQHUDOO\HDFKRIWKHDERYHPHQWLRQHGWHFKQLTXHVGHPRQVWUDWHLWV
RZQVHWRIVWUHQJWKVDQGZHDNQHVVHVVXEVWUDWH&9'SURYLGHVDVLPSOH
URXWHIRUSDWWHUQLQJ0RUHRYHU WKHVXEVWUDWH&9'PHWKRGFDQEHDOVR
UHDOL]HGLQDIOXLGL]HGEHGFRQILJXUDWLRQLQZKLFKDFDWDO\VWRQWKHVXUIDFH
RI VPDOO LQHUW SDUWLFOHV LV PRYLQJ WKURXJK WKH JURZWK ]RQH ZLWK
VXEVHTXHQWUHPRYDODWDFHUWDLQSRLQW >@7KHQWKHIOXLGL]HGEHGVDUH
WKHEHVWIRULQGXVWULDOKLJK\LHOGV\QWKHVLVRI6:&17SRZGHUZKLOHIDLOV
WR\LHOGLQFDUERQQDQRWXEHVZLWKSUHGHILQHGPRUSKRORJ\+RZHYHUWKH
QHHG RI WKH SXULILFDWLRQ IURP WKH VXEVWUDWHPDNHV WKH SURFHVV RI WKH
VXEVWUDWH&9'PHWKRGFRPSOLFDWHG7KHDHURVRO&9'±DVSHFLILFFDVH
RI IORDWLQJ FDWDO\VW WHFKQLTXH ZLWK H[WUHPHO\ GLOXWHG FDWDO\VW ± LV QRW
VXLWDEOH IRU JHQHUDWLQJ WKH SURGXFW LQ WRQV ZKLOH OHDGLQJ WR LQGLYLGXDO
6:&17VZLWKDELOLW\WRSURYLGHDQ\SDWWHUQLQJGHVLUHG
$V WKH WKHVLV FRQVLGHUV WKLQ 6:&17 ILOPV IRU RSWRHOHFWURQLFV WKH
DHURVRO&9'LVWKHPRVWSURPLVLQJWHFKQLTXHWREHDSSOLHG*HQHUDOO\LQ
WKHDHURVRO&9'PHWKRGWKHJURZWKRID6:&17RFFXUVRQWKHVXUIDFH
RISDUWLFOHVVXVSHQGHG LQDJDV)H1L&RRU WKHLUDOOR\VDUH WKHPRVW
DEXQGDQWFDWDO\VWV*HQHUDOO\WKHUROHRIDFDWDO\VWLQWKHDHURVRO&9'
LVWKHDFFXPXODWLRQRIFDUERQIURPWKHSUHFXUVRUDQGFDUERQSUHFLSLWDWLRQ
LQ WKHIRUPRID6:&17$YRODWLOHK\GURFDUERQDQDOFRKRORUFDUERQ
PRQR[LGHFDQEHXVHGDVDFDUERQSUHFXUVRULQWKHFKHPLFDOPHWKRG
$HURVRO&9'PHWKRGZDVILUVWLQWURGXFHGLQLQWKHIRUPRIVR
FDOOHG+LS&2SURFHVV'XULQJQH[W\HDUVWKLVPHWKRGKDVH[SHULHQFHG
PDQ\PRGLILFDWLRQVDQGXSJUDGHV,Q0RLVDODHWDO>@SURSRVHG
DYHUWLFDOUHDFWRUZLWKDFRQWLQXRXV6:&17JURZWKZKLFKRSHUDWHVDW
DWPRVSKHULF SUHVVXUH )LJ  DQG HPSOR\V IHUURFHQH DV D FDWDO\VW
SUHFXUVRU7KH\DOVRLPSURYHGPHWKRGVRIFROOHFWLQJVDPSOHVLQWURGXFHG
WKHPHWKRGRI IRUPDWLRQRI WKLQKRPRJHQRXV ILOPVEDVHGRQ UDQGRPO\
RULHQWHGQDQRWXEHVDQGWKHLUWUDQVIHUWRWKHVXEVWUDWHRULQIUHHVWDQGLQJ
ILOPFRQILJXUDWLRQ



)LJXUHDVFKHPHRIDHURVROPHWKRGRIV\QWKHVLVDQGVDPSOH
WUDQVIHUEIOH[LEOHVXEVWUDWHZLWKPHWDOHOHFWURGHVDQG6:&17V>@
7KXVWRGDWHDQXPEHURIPHWKRGVWKHUHKDYHEHHQGHYHORSHGIRU
WKH 6:&17 JURZWK 'XH WR D JUHDW YDULHW\ RI SRVVLEOH 6:&17
DSSOLFDWLRQVDQGDQHHGIRUQDQRWXEHVZLWKDVHWRISURSHUWLHVVSHFLILFDOO\
RSWLPL]HG IRU HDFK SDUWLFXODU GHYLFH HDFK V\QWKHVLV PHWKRG ILQGV D
FHUWDLQQLFKH7RREWDLQWKLQ6:&17ILOPVIRUDGYDQFHGHOHFWURRSWLFDO
DSSOLDQFHV WKH DHURVRO &9' LV HPSOR\HG LQ WKLV ZRUN DV WKH PRVW
SURPLVLQJPHWKRG+RZHYHUGXH WR WKHFRPSOH[ UHODWLRQEHWZHHQ WKH
V\QWKHVLV FRQGLWLRQV DQG WKH QDQRWXEH WKH SUREOHP RI RSWLPDOO\
RUJDQL]LQJWKHDHURVRO&9'UHDFWRULVVWLOOFKDOOHQJLQJ

 2372(/(&7521,&$33/,&$7,2162)6:&17
),/06

7KH XQLTXH FRPELQDWLRQ RI HOHFWURQLF VWUXFWXUDO DQG RSWLFDO
SURSHUWLHVRI6:&17ILOPVOHDGVWRYDULRXVRSWRHOHFWURQLFGHYLFHVDQG
FRPSRQHQWV 2QH RI WKH PRVW SRSXODU DSSOLFDWLRQV LV WUDQVSDUHQW
HOHFWURGHVZKLFKKDYHUHFHQWO\EHFRPHRQHRIWKHPDLQFDQGLGDWHVIRU
UHSODFLQJLQGLXPWLQR[LGH,728QOLNH,726:&17VFDQEHXVHGIRU
WKH FUHDWLRQ RI IOH[LEOH DQG VWUHWFKDEOH FRQGXFWRUV 7KH DGYDQWDJH RI
6:&17ILOPVLVFRPSDWLELOLW\ZLWKIOH[LEOHSRO\PHUVDVZHOODVZLWKJODVV
TXDUW] VLOLFRQ 'HVSLWH VLJQLILFDQW SURJUHVV GXULQJ WKH ODVW GHFDGH
FXUUHQWDGYDQFHWR2KPVTZLWKDWUDQVSDUHQF\RILVVWLOOLQIHULRU
WR ,72 SHUIRUPDQFH +RZHYHU WKH WKHRUHWLFDO HVWLPDWLRQV SUHGLFW WKH


6:&17ILOPVZLWKVSHFLILFDOO\SUHGHILQHGVWUXFWXUHDQGPRUSKRORJ\ WR
RXWUXQWKHFXUUHQWFRPSHWLWRU
6:&17 ILOPV FDQ EH XVHG DV RSWLFDOO\ WUDQVSDUHQW FKHPLFDO
HOHFWURGHV &RPELQDWLRQ RI KLJK FRQGXFWLYLW\ KLJK VXUIDFH DQG
HOHFWURFDWDO\WLF DFWLYLW\ LQ PDQ\ HOHFWURFKHPLFDO UHDFWLRQV PDNH WKLV
PDWHULDOPRUHDQGPRUHSRSXODULQHOHFWURFKHPLVWU\>@
5HFHQWO\ VRODU FHOOV EDVHGRQDPRUSKRXVRU SRO\FU\VWDOOLQH VLOLFRQ
DQG6:&17ILOPVXVHGDVDWUDQVSDUHQWZLQGRZHOHFWURGHDQGDFWLYHS
W\SH OD\HU KDYH VKRZQ D VXSHULRU HIILFLHQF\ LQ D ULJLG IRUP DQG DV LQ
IOH[LEOHGHYLFHV>@
%RORPHWHUV SKRWRGHWHFWRUV ZKHUH 6:&17 ILOPV XVHG DV D VHQVLQJ
PDWHULDODUHDQRYHOFODVVRIGHYLFHVZKLFKDOORZWRPHDVXUHWKHLQWHQVLW\
RI WKH LQIUDUHGZDYHOHQJWKUDGLDWLRQE\PHDQVRI UHVLVWDQFHFKDQJHRI
WKHPDWHULDOXQGHULWVKHDWLQJ>@
7UDQVLVWRUV EDVHG RQ ERWK LQGLYLGXDO DQG 6:&17 ILOPV RZH WKH
VHPLFRQGXFWLQJEDQGVWUXFWXUHDQGKLJKPRELOLW\ZKLFKLVDSURPLVLQJVHW
RI SURSHUWLHV LQ FRPELQDWLRQZLWK D VLPSOH SURGXFWLRQ WHFKQLTXHZKHQ
FRPSDUHGWR6LEDVHGWUDQVLVWRUV>@
6DWXUDEOH DEVRUEHUV DUH D NH\ FRPSRQHQW IRU PRGHORFNLQJ
IHPWRVHFRQG ODVHUV 7KHLU ZRUNLQJ SULQFLSOH LV EDVHG RQ QRQOLQHDU
DEVRUSWLRQ RI WKH OLJKW LQ WKHPDWHULDO 6LQJOHZDOOHG FDUERQ QDQRWXEH
ILOPV KDYH EHHQ DOUHDG\ GHYHORSHG DQG GHPRQVWUDWHG LQ WKH ODVHU
DSSOLFDWLRQV>@




)LJXUH)LHOGVRISRWHQWLDODSSOLFDWLRQVRI6:&17ILOPV
6LQJOHZDOOHGFDUERQQDQRWXEHVVKRZWKHSRWHQWLDOWREHFRPHRQHRI
WKH FHQWUDO PDWHULDOV RI QH[WJHQHUDWLRQ RSWRHOHFWURQLFV )LJ 
+RZHYHU DV HDFK DSSOLFDWLRQ UHTXLUHV SUHFLVH FRQWURO RYHU 6:&17
VWUXFWXUHDVROXWLRQIRUQDQRWXEHVZLWKWDLORUHGFKDUDFWHULVWLFVEHFRPHV
FUXFLDO
 


 &+$5$&7(5,=$7,217(&+1,48(6

,Q RUGHU WR REWDLQ D UHOLDEOH WHFKQLTXH IRU WKH V\QWKHVLV RI VLQJOH
ZDOOHGFDUERQQDQRWXEHVZLWKWDLORUHGFKDUDFWHULVWLFVDFRPSUHKHQVLYH
VHWRIPHWKRGVZDVHPSOR\HGZLWKLQWKHWKHVLV
 63(&7526&23,&0(7+2'6
899,61,563(&7526&23<

89YLV1,5VSHFWURVFRS\LVDIDFLOHDQGQRQGHVWUXFWLYHPHWKRGIRU
6:&17V\QWKHVLV ,QSULQFLSOH89YLV1,5VSHFWURVFRS\VKRXOGEH WR
SURYLGHWKHFKLUDOLW\GLVWULEXWLRQRI6:&17ILOPVRQWKHEDVLVHIIHFWRI
FKLUDOLW\RIYDQ+RYHLQWUDEDQGWUDQVLWLRQV)LJDQGWKHILOPWKLFNQHVV
EDVHG RQ WKH %HUU/DPEHUW ODZ +RZHYHU GXH WR WKH WKHUPDO
EURDGHQLQJ DQG GRSLQJ HIIHFW GXH WR EXQGOLQJ RU RWKHU FKHPLFDO
FRPSRXQGVLWLVQRWSRVVLEOHWRXQDPELJXRXVO\GHWHUPLQHWKHFKLUDOLW\
GLVWULEXWLRQ>@0RUHRYHUODFNLQYHULILHGGDWDRQH[WLQFWLRQFRHIILFLHQWV
IRU FRUUHVSRQGLQJ FKLUDOLWLHV LQKLELWV WKH DVVHVVPHQW RI WKH UDWLR IRU
PHWDOOLFVHPLFRQGXFWLQJ6:&17V7KLV LVZK\ LQ WKH WKHVLV WKH\LHOG
DQGWKHGLDPHWHUGLVWULEXWLRQRIQDQRWXEHVREWDLQHGZHUHDVVHVVHGE\
89YLV1,5VSHFWURVFRS\
'XDOEHDP VSHFWURPHWHU 3HUNLQ (OPHU /DPEGD  )LJ 
FROOHFWVWKHVLJQDOZLWKLQWKHZDYHOHQJWKUDQJHRI±QPZLWKWKH
UHVROXWLRQ RI  QP 8VXDOO\ WKH 6:&17 ILOPV ZHUH WUDQVIHUUHG RQ D
JODVVTXDUW] VXEVWUDWH IRU DVVHVVPHQW ZLWK 89YLV1,5 VSHFWURVFRS\
7KHFKDUDFWHULVWLFSHDNVRIWKH89YLV1,5VSHFWUDIRU6:&17VHJ6
60ZHUHDWWULEXWHGWRFHUWDLQGLDPHWHUVXVLQJWKH.DWDXUDSORW>@
)LJ  7KH %HUU/DPEHUW HTXDWLRQ  ODZ SURYLGHV D GLUHFW
FRUUHODWLRQ EHWZHHQ WKH DEVRUEDQFH DQG WKLFNQHVV RI 6:&17 ILOPV
0LNKHHYHWDO>@GHGXFHGWKHHPSLULFDOIRUPXOD
݄ሾ݊݉ሿ ൌ െͶͳ͹ܮ݋݃ሺܣହହ଴ሻǡሺ͵Ǥͳሻ
ZKHUHKLVWKHWKLFNQHVVRI6:&17ILOPLQQP$LVWKHDEVRUEDQFH
RIWKHILOPDWDZDYHOHQJWKRIQPFRUUHVSRQGVWRWKHPLGGOHUHJLRQ


RI WKH YLVLEOH OLJKW VSHFWUD DQG XVXDOO\ LV QRW DIIHFWHG E\ LQWHQVLYH
LQWUDEDQGWUDQVLWLRQSHDNV


)LJXUH  3ULQFLSDO VFKHPH RI WKH 89YLV1,5 GXDOEHDP
VSHFWURPHWHU3HUNLQ(OPHU/DPEGD
 
)LJXUH7KH.DWDXUDSORWUHSUHVHQWLQJWKHGHSHQGHQFHRIHQHUJ\
WUDQVLWLRQVYVQDQRWXEHGLDPHWHU>@



)285,(575$16)250,1)5$5('
63(&7526&23<

)RXULHUWUDQVIRUPLQIUDUHGVSHFWURVFRS\)7,5LVDWHFKQLTXHZKLFK
LVXVHGWRREWDLQDQLQIUDUHGVSHFWUXPRIDEVRUSWLRQRUHPLVVLRQRIDVROLG
D OLTXLG RU D JDV $Q )7,5 VSHFWURPHWHU VLPXOWDQHRXVO\ FROOHFWV KLJK
VSHFWUDOUHVROXWLRQGDWDLQDZLGHVSHFWUDOUDQJHSURYLGLQJDVLJQLILFDQW
DGYDQWDJH RYHU D GLVSHUVLYH VSHFWURPHWHU OLNH 3HUNLQ (OPHU /DPEGD
ZKLFKPHDVXUHVWKHLQWHQVLW\LQDQDUURZUDQJHRIZDYHOHQJWKVDW
DWLPH7KHSULQFLSOHRIWKH)7,5VSHFWURPHWHULVUHSUHVHQWHGLQ)LJ
)LUVWDVLJQDOFDOOHGDQLQWHUIHURJUDPLVJHQHUDWHGE\WKHLQWHUIHURPHWHU
)LJD7KHLQWHUIHURJUDPREWDLQHGLVDUHFRUGRIWKHVLJQDOLQWHQVLW\
E\WKHLQIUDUHGGHWHFWRUDVDIXQFWLRQRIWKHGLIIHUHQFHLQWKHSDWK[IRU
WKH WZR EHDPV RI WKH LQWHUIHURPHWHU )XUWKHU )RXULHU WUDQVIRUPDWLRQ
UHVXOWVLQDFKDUDFWHULVWLFVSHFWUXP)LJE


)LJXUH3ULQFLSOHVFKHPHRI)7,5VSHFWURPHWHUELQWHUIHURJUDP
RIWKHPRQRFKURPDWLFVRXUFHOHIWDQGFRUUHVSRQGLQJVSHFWUXPULJKW
,QWKLVZRUN9(57(;Y%UXNHU*HUPDQ\HYDOXDEOHIXOO\GLJLWDO
)7,5VSHFWURPHWHUZDVXVHGWRPHDVXUHFKDUDFWHULVWLFVLQWKHUDQJHRI
FP±FRUUHVSRQGVWRWKHZDYHOHQJWKUHJLRQ±PP$
ĞƚĞĐƚŽƌ
^ĂŵƉůĞ
>ŝŐŚƚ
ĞĂŵƐƉůŝƚƚĞƌ
DŽǀŝŶŐ
^ƚĂƚŝŽŶĂƌǇ
ĞƚĞĐƚŽƌ
^ĂŵƉůĞ
>ŝŐŚƚ
ĞĂŵƐƉůŝƚƚĞƌ
DŽǀŝŶŐ
^ƚĂƚŝŽŶĂƌǇ


VWDQGDUGJOREDU IRUPLQJSDUWRID9HUWH[Y)7,5VSHFWURSKRWRPHWHU
ZKLFK VSHFWUXP LV FORVH WR WKH EODFNERG\ VSHFWUXP ZDV XVHG DV D
VRXUFHRI,5UDGLDWLRQ7KHPRGXODWHGUDGLDWLRQRIWKHJOREDUZDVIHGWR
WKH VDPSOH XQGHU VWXG\ 7KH VSHFWUDO UHVSRQVH RI WKH VDPSOH WR WKH
PRGXODWHG ,5 UDGLDWLRQ RI WKH JOREDU LVPHDVXUHG ,Q WKLV FDVH HDFK
ZDYHOHQJWKFRUUHVSRQGVWRDVSHFLILFVLJQDOPRGXODWLRQIUHTXHQF\
;5$<3+272(/(&752163(&7526&23<

7KHFKHPLFDOFRPSRVLWLRQRI WKH6:&17ILOPZDVH[SORUHGZLWK;
UD\ SKRWRHOHFWURQ VSHFWURVFRS\ ;36 XVLQJ HOHFWURQ VSHFWURPHWHU
63(&6ZLWKD0J.ĮVRXUFHKȞ H9DWWKHHQHUJ\WUDQVPLVVLRQ
SRZHU DQDO\]HU 3KRLERV RI  H9 7KH YDFXXP LQ WKH DQDO\]HU
FKDPEHUUHPDLQHGDURXQGî7RUU6SHFWUDRI&V2VDQG)HS
FRUHOHYHOVZHUHUHILQHGE\PXOWLSOHVFDQQLQJ7KHGHFRQYROXWLRQRIWKH
PXOWLFRPSRQHQW VSHFWUD ZDV SHUIRUPHG XVLQJ VRIWZDUH SDFNDJH
&DVD;367KHSHDNVZHUHDSSUR[LPDWHGE\WKH/RUHQW]*DXVVIXQFWLRQ
RU9RLJWSURILOHV&VVSSHDNZDVILWWHGE\WKH'RQLDFKâXQMLüIXQFWLRQ
5$0$163(&7526&23<

5DPDQVSHFWURVFRS\LVRQHRIWKHPRVWDEXQGDQWWHFKQLTXHVIRUWKH
6:&17FKDUDFWHUL]DWLRQDV LWSURYLGHVDQRQGHVWUXFWLYHDSSURDFKIRU
IDVWDVVHVVPHQWRIWKHVDPSOHSXULW\DQGGHIHFWQHVVGRSLQJOHYHODQG
FKLUDOLW\GLVWULEXWLRQRI6:&17V
)LJXUH  D 5DPDQ VSHFWUD RI +L3FR 6:&17 EXQGOHV E 5DPDQ


VSHFWUDRIDPHWDOOLFWRSDQGDVHPLFRQGXFWLQJERWWRP6:&17VDWWKH
VLQJOHQDQRWXEHOHYHO>@
$W\SLFDO5DPDQVSHFWUXPRI6:&17V)LJH[KLELWVDQXPEHURI
PRGHVFRUUHVSRQGLQJWRFHUWDLQYLEUDWLRQV7KHLGHDOJUDSKHQHVWUXFWXUH
SURYLGHV  YLEUDWLRQV VDWLVI\LQJ WKH VHOHFWLRQ UXOHV IRU 5DPDQ
VSHFWURVFRS\$X%J(X(J(J)LJ

)LJXUH,OOXVWUDWLRQRI$X%J(X(J(JIRUFDUERQVWUXFWXUH
>@

,QWKHWKHVLVWKHPDLQDWWHQWLRQZDVSDLGWRWKH
x * PRGH /RUHQW]LDQ SHDN DW a FP VSOLW LQWR ORZHU
HQHUJ\*SHDNDQGDKLJKHUHQHUJ\*SHDNFDXVHGE\WKHFXUYDWXUHRI
6:&17V ZKLFK LQGXFHV DQ HQHUJ\ GLIIHUHQFH EHWZHHQ WKH D[LDO DQG
WUDQVYHUVHLQSODQHSODQDUYLEUDWLRQDOPRGHV
x 'PRGHZKLFKGRHVQRWVDWLVI\WKHVHOHFWLRQUXOHVRI5DPDQ
VSHFWURVFRS\LQWKHFDVHRIDQLGHDOVWUXFWXUH,WLVDWWULEXWHGWRSKRQRQ
VFDWWHULQJ RQ GHIHFWV RU LQFRQVLVWHQFLHV LQ WKH FU\VWDO ODWWLFH 'PRGH



VKRZVWKH5DPDQVSHFWUDRI6:&17VDVDVPDOOSHDNRIDERXW
FP7KHUDWLRRIWKH*'PRGHVLQ5DPDQVSHFWUDLVFRQYHQWLRQDOO\XVHG
WRDVVHVVWKHVWUXFWXUDOTXDOLW\RIFDUERQQDQRWXEHV
x 7KHODVWPDMRU5DPDQIHDWXUHLVDVHULHVRISHDNVEHORZ
FP 7KHVHSHDNV VRFDOOHG UDGLDO EUHDWKLQJPRGHV 5%0V DUH WKH
UHVXOWRIDSKRQRQH[FLWDWLRQXQLTXHWR6:&17V5%0LVDSXUHO\UDGLDO
PRGHZKHUHWKHGLDPHWHURIWKHHQWLUH6:&17RVFLOODWHVDSSHDULQJDV
WKRXJKLWZHUH³EUHDWKLQJ´7KH5DPDQLQWHQVLW\RIWKH5%0LVVWURQJO\
HQKDQFHGZKHQ WKH LQFLGHQW SKRWRQ LV LQ UHVRQDQFHZLWK WKH6:&17
HQHUJ\ JDS UHIHUULQJ WR WKH .DWDXUD SORW )LJ 7KXV E\ FROOHFWLQJ
5DPDQ VSHFWUD SURGXFHG E\ PDQ\ GLIIHUHQW ODVHU VRXUFHV D
FRPSUHKHQVLYH FKDUDFWHUL]DWLRQ RI WKH FKLUDOLW\ GLVWULEXWLRQ FDQ EH
REWDLQHG
 7KH 6:&17V ZHUH H[DPLQHG ZLWKXVLQJ 5DPDQ
VSHFWURVFRS\+RULED/DE5$0+5(YROXWLRQV\VWHPȜ QP
H9 ODVHUSRZHURIP:7KHODVHUVSRWGLDPHWHUD[REMHFWLYH
ZLWKQXPHULFDODSHUWXUHRIRQWKHILOPVXUIDFHZDVDERXWȝP
,QRUGHUWRDYRLGWKHGHVWUXFWLRQRIWKH6:&17VGXULQJWKHORQJH[SRVXUH
DQGWRDYRLGKHDWLQJWKDWFDXVHVFKDQJHVLQWKHUHVSRQVHWKHLQWHJUDO
SRZHU GHQVLW\ RI WKH LQFLGHQW UDGLDWLRQ ZDV VHW DW  N:FP ZKHQ
PHDVXULQJ VSHFWUD 7KH REWDLQHG VSHFWUD ZHUH QRUPDOL]HG WR WKH
LQWHQVLW\ RI*SHDNPD[LPD(DFKPHDVXUHPHQWZDV WDNHQDW OHDVW 
WLPHVLQGLIIHUHQWDUHDVRIWKHVDPSOHDQGWKHQDYHUDJHGWKHSUHFLVLRQ
ZDVFP
 0,&526&23,&0(7+2'6
6&$11,1*(/(&75210,&526&23<

7KH PRUSKRORJ\ RI 6:&17 ILOPV ZDV DVVHVVHG ZLWK VFDQQLQJ
HOHFWURQPLFURVFRS\6(0)(,+HOLRV1DQRODE'XDO%HDP6\VWHP
PDJQLILFDWLRQ[±N[PD[LPXPSRVVLEOHUHVROXWLRQQP:H
XVHGVHFRQGDU\HOHFWURQPRGHDWDQDFFHOHUDWLQJYROWDJHRIN9




75$160,66,21(/(&75210,&526&23<

7KH 6:&17 VWUXFWXUH DQG WKH PRUSKRORJ\ RI WKH WKLQ ILOPV ZHUH
VWXGLHGE\WUDQVPLVVLRQHOHFWURQPLFURVFRS\7(0)(,7HFQDL*)
7(07(0ODFH\&XJULGV\VWHP7(0SRLQWUHVROXWLRQWRQP
7(0OLQHUHVROXWLRQQP8OWUDKLJKYDFXXPIRUFRQWDPLQDWLRQIUHH
REVHUYDWLRQ 9DFXXP OHYHOV RI VSHFLPHQ FKDPEHU	 HOHFWURQ JXQ DUH
ā3D7RFROOHFWVDPSOHVD7(0ODFH\&XJULGZDVSODFHGRQ
WKHILOWHULQWKHIORZRI6:&17VIRUVWRREWDLQWKHGHVLUHGGHQVLW\
$720,&)25&(0,&526&23<
7RSRJUDSK\ LPDJHV DQG WKH OHQJWK GLVWULEXWLRQV RI 6:&17V ZHUH
DFTXLUHG E\ DWRPLF IRUFHPLFURVFRS\ $)0 %UXNHU 0XOWLPRGH 9 LQ
3HDN)RUFHPRGH%UXNHU6FDQ$VLVW$LUFDQWLOHYHUVZHUHXVHG
 (/(&75,&$/3523(57,(6
7KH SHUIRUPDQFH RI 6:&17 ILOPV IRU YDULRXV RSWRHOHFWURQLF
DSSOLFDWLRQV HJ WKLQILOP HOHFWURGHV LV XVXDOO\ DWWULEXWHG WR WKH
FRPELQDWLRQRIWKHFRQGXFWLYLW\DQGRSWLFDOWUDQVSDUHQF\W\SLFDOO\DW
QPDVD UHIHUHQFHZDYHOHQJWK6LQFH WKH WKLFNQHVVRI WKHFRQGXFWLQJ
OD\HU LQ WKLQ ILOPV LV RIWHQ XQNQRZQ RU XQFOHDUO\ GHILQHG >@ WKHLU
HOHFWULFDO SURSHUWLHV DUH FKDUDFWHUL]HG E\ WKH VKHHW UHVLVWDQFH 5
H[SUHVVHGLQ2KPVSHUVTXDUH2KPVT
)RUWKHVKHHWUHVLVWDQFHPHDVXUHPHQWVWKH6:&17WKLQILOPVZHUH
WUDQVIHUUHGRQDJODVVTXDUW]VXEVWUDWH7KHILOPVZHUHPHDVXUHGE\D
OLQHDUGLUHFWFRQWDFWIRXUSUREHPHWKRGZLWKDGLVWDQFHRIPPEHWZHHQ
WKHQHHGOHVXVLQJ-DQGHO507HVW8QLW WKDW VHUYHGDVDFXUUHQW
VRXUFHDQGDGLJLWDOYROWPHWHU)RUHYHU\SRLQWRIWKHVKHHWUHVLVWDQFHDW
OHDVWPHDVXUHPHQWVZHUHFDUULHGRXW
7\SLFDOO\ LQGXVWULDO DSSOLFDWLRQV UHTXLUH D WUDQVSDUHQF\ RI  RU
HYHQ KLJKHU DW YLVXDO ZDYHOHQJWKV ZLWK WKH OHDVW SRVVLEOH VKHHW
UHVLVWDQFHYDOXHV7RFRPSDUHGLIIHUHQWILOPVDQGPDWHULDOVZLWKHDFK
RWKHUZHHPSOR\HGWKHIROORZLQJSDUDPHWHUV


x 7KH)LJXUHRI0HULWܨ݋ܯ ൌ  ଵ଴଴଴ோכ஺ఱఱబ Ǣ ሺ͵Ǥʹሻ
x 7KH HTXLYDOHQW VKHHW UHVLVWDQFH QRUPDOL]HG WR 
WUDQVPLWWDQFHILOPܴଽ଴ ൌ ܴ ή ஺ఱఱబ௟௚ቀభబవ ቁ
Ǥሺ͵Ǥ͵ሻǤ
)RU RSWLFDO ILEHUV WKH HOHFWULFDO UHVLVWDQFH RI WKH FRDWLQJ ZDV
PHDVXUHGDVDIXQFWLRQRILWVOHQJWKE\WKHIRXUSUREHPHWKRGXVLQJDQ
03,76SUREHVWDWLRQFRQWDFWLQJGLUHFWO\E\WKHSUREHVDQG.H\VLJKW
$ PXOWLPHWHU DQG WKH UHVXOWV FRQILUPHG WKDW WKH FRDWLQJ ZDV
VSDWLDOO\ XQLIRUP (OHFWURGHV ZHUH VHFXUHGDWWDFKHG WR WKH 6:&17
FRDWLQJVXUIDFHZLWKD&:FRQGXFWLYHHSR[\7RHQVXUHDEHWWHU
WHPSHUDWXUHGLVWULEXWLRQXQLIRUPLW\ LQ WKH )%*FRQWDLQLQJ ILEHU VHFWLRQ
WKHHOHFWURGHVZHUHORFDWHGDWDGLVWDQFHRIDERXWPPIURPWKHJUDWLQJ
HGJHV
 $(5262/678',(6

7KHQXPEHUVL]HGLVWULEXWLRQVRIERWK)HFDWDO\VWQDQRSDUWLFOHVDQG
6:&17 DHURVROV ZHUH VWXGLHG XVLQJ GLIIHUHQWLDO PRELOLW\ DQDO\]HUV
'0$76,VFDQQLQJPRELOLW\SDUWLFOHVL]HUVSHFWURPHWHUFDSDEOH
WRPHDVXUHWKHSDUWLFOHVRIHIIHFWLYHGLDPHWHUIURPQPWRQPQP
6FDQQLQJ0RELOLW\3DUWLFOH6L]HU6SHFWURPHWHU76,86$DQGIURPQP
WR  QP 6FDQQLQJ0RELOLW\ 3DUWLFOH 6L]HU 6SHFWURPHWHU  76,
86$ ,W VKRXOG EH PHQWLRQHG WKDW WKH VHSDUDWLRQ LV EDVHG RQ WKH
HOHFWULFDO PRELOLW\ IROORZHG E\ WKH GDWD SURFHVVLQJ EDVHG RQ WKH
LPSOLFDWLRQ RI WKH VSKHULFDO VKDSH RI WKH DHURVRO SDUWLFOHV VWDQGDUG
VRIWZDUHRI6FDQQLQJ0RELOLW\3DUWLFOH6L]HU6SHFWURPHWHU7KLVUHVXOWV
LQWKHHIIHFWLYHGLDPHWHURI6:&17WREHREVHUYHGE\WKLVWHFKQLTXHLQ
WKH UDQJHRIQP0RUHRYHU WKHSRVVLEOH IRUPDWLRQRI WKHQRQ
F\OLQGULFDODJJORPHUDWHVZLOODOVRDIIHFWWKHGLVWULEXWLRQDQGFDQQRWGLIIHU
IURPDQ LQGLYLGXDO6:&177KRXJK VXFK YDOXHV RI HIIHFWLYH GLDPHWHU
PDLQO\ FRUUHVSRQG WR WKH SURMHFWHG DUHD GLDPHWHU WKLV DOORZV XV WR
GLVWLQJXLVKWKHQDQRWXEHVIURPPHWDOQDQRSDUWLFOHVHIIHFWLYHGLDPHWHURI
 QP )LJ  ,Q WKH FDVH RI QDQRSDUWLFOHV SURGXFHG E\ D VSDUN
GLVFKDUJH JHQHUDWRU D GLUHFW FRUUHODWLRQ EHWZHHQ 7(0 VWDWLVWLFV DQG
'0$PHDVXUHPHQWVZDVUHSRUWHGHOVHZKHUH>@



)LJXUH1XPEHUVL]HGLVWULEXWLRQPHDVXUHPHQWVRI WKHDHURVROV
RIWKHQDQRSDUWLFOHVSURGXFWIRUPHGLQ1DQGFDUERQQDQRWXEHV&2
DWPRVSKHUH>@


 7+(502*5$9,0(75,&$1$/<6,6

7R VWXG\ WKH WKHUPDO VWDELOLW\ RI 6:&17V DQG WR HVWLPDWH WKH )H
FRQWHQW LQWKHQDQRWXEHILOPVWKHUPRJUDYLPHWULF7*$DQGGLIIHUHQWLDO
WKHUPDODQDO\VHV'7$ZHUHFDUULHGRXW7KH7*$VWXGLHVZHUHFRXSOHG
ZLWKWKHPDVVVSHFWURPHWU\XQLWXVLQJ1(7=6&+67$7KHH[SHULPHQWV
ZHUHFRQGXFWHGLQWKHDLUZLWKDKHDWLQJUDWHRIR&PLQ,QUHODWLRQWR
6:&17ILOPV7*$LGHQWLILHVGDWDVXFKDVPRLVWXUHORVVORVVRIYRODWLOHV
R[LGDWLRQS\URO\VLVDQGDVKFRQWHQWR[LGL]HGFDWDO\VWUHVLGXDOV
 


 6:&17*52:7+

'XULQJ WKH ODVW\HDUVDHURVRO&9'VHWXSVKDYHEHHQHTXLSSHG
ZLWK D QXPEHU RI FDWDO\VW SURGXFLQJ XQLWV GHFRPSRVLWLRQ RI FDWDO\VW
SUHFXUVRUVIHUURFHQHLURQSHQWDFDUERQ\OHWFIROORZHGE\VLQWHULQJDQG
LQVLWXQXFOHDWLRQRIQDQRWXEHV>@>@KRWZLUHJHQHUDWRU>@DQGD
VSDUNGLVFKDUJHJHQHUDWRUSURGXFLQJYDSRUVRIDFWLYHPHWDOV >@>@
+HUH WKHIHUURFHQHEDVHGUHDFWRUDQGVSDUNGLVFKDUJHPHWKRGZLOOEH
VKRUWO\LQWURGXFHG
 )(552&(1(5($&725

7KH PRVW DEXQGDQW DSSDUDWXV IRU WKH DHURVRO &9' VRFDOOHG
IHUURFHQHUHDFWRUZDVHPSOR\HGWRSURYLGHDMXVWLILHGFRPSDULVRQRIWKH
UHVXOWV REWDLQHG LQ WKH WKHVLV7KH UHDFWRU LV DVVHPEOHGDV IROORZV$
IHUURFHQHFDUWULGJH)LJLVILOOHGZLWKDPL[WXUHRI)H&+6LJPD
$OGULFK  DQG 6L2 VSKHUHV FD  PP WR IDFLOLWDWH WKH IORZ
9RODWLOH IHUURFHQH 3a3D DW  & >@ LV WKHQ WUDQVIHUUHGE\ WKH
QLWURJHQVWUHDPYLDDZDUPJDVOLQHa&LQWRWKHKHDWHG]RQHIRUWKH
IXUWKHUGHFRPSRVLWLRQDW7!&>@


)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIIHUURFHQHUHFWRU


)H&+1YDSRUPL[WXUHZDVLQWURGXFHGQHDUWKHKRW]RQHRIWKH
UHDFWRUDW7aR&DQGPL[HGZLWKWKHFDUERQVRXUFH&2
DQG &2  DV D SURPRWRU RI WKH %RXGRXDUG UHDFWLRQ
&2 &&27KHSURFHVVLVWDNLQJSODFHRQWKHFDWDO\VWVXUIDFHZLWKLQ
WKHKRW]RQHRIDTXDUW] WXEXODUUHDFWRUUHVXOWV LQ WKH6:&17JURZWK
7KHV\QWKHVLVZDVUHDOL]HGDWDPELHQWSUHVVXUHZLWKDUHVLGHQFHWLPHRI
VZLWKYROYROYROUHVSHFWLYHFRQFHQWUDWLRQRI
1&2&2WKHWHPSHUDWXUHLQWKHUHDFWRUIURPWRR&
 63$5.',6&+$5*(*(1(5$7255($&725
 
7KHDHURVRO&9'UHDFWRUIRU6:&17JURZWKHTXLSSHGZLWKDVSDUN
GLVFKDUJHJHQHUDWRURIFDWDO\WLFQDQRSDUWLFOHVZDVGHYHORSHGE\.DVNHOD
HW DO >@ LQ  7KHPHWKRG GHPRQVWUDWHG WR SURGXFH WKH FDUERQ
QDQRWXEHVZLWKWKHOHQJWKRIaȝPWKRXJKRQO\DVPDOOIUDFWLRQRIWKH
UHVXOWLQJPHWDOSDUWLFOHVZDVHPSOR\HGIRUWKH6:&17JURZWK
>@ZKLOHWKHPRVWRIWKHFDWDO\VWZDVVXEMHFWHGWRH[KDXVW,QWKLVZRUN
WKHUH KDV EHHQ GHYHORSHG D VSDUN GLVFKDUJH JHQHUDWRU IRU VFDODEOH
V\QWKHVLV RI XOWUDVKRUW VLQJOHZDOOHG FDUERQ QDQRWXEHVZLWK FRQWUROOHG
GLDPHWHUGLVWULEXWLRQDQGGHIHFWFRQFHQWUDWLRQZLWKDVHFRQGDU\JRDORI
HOLPLQDWLQJWKHORVVRIWKHPRVWRIWKHFDWDO\VWWRH[KDXVW
6SDUN GLVFKDUJH JHQHUDWRU ZDV HTXLSSHG ZLWK WZR )H HOHFWURGHV
PPORQJF\OLQGHUVZLWKG PPZLWKDYDULDEOHGLVWDQFH
EHWZHHQRIPPFRQWUROOHGE\DPLFURPHWULFPDQLSXODWRUDQR]]OH
IRU HIIHFWLYHPDVV WUDQVIHU DQG IORZ FKDQQHO IRU WUDQVSRUWLQJ WKH LURQ
QDQRSDUWLFOHV SURGXFHG LQ WKH DHURVRO &9' UHDFWRU IRU WKH 6:&17
JURZWK:HXVHGDKLJKYROWDJHJHQHUDWRU+HLQ]LQJHU31&'&
9ROWDJHRIN9FXUUHQWRIP$*HUPDQ\FRPELQHGZLWKD
Q)ܥFDSDFLWRUIRUFROOHFWLQJDFKDUJHXQWLODGLVFKDUJHZLWKIUHTXHQF\
RFFXUV
݂ ൌ ܫܥܸǡሺͶǤͳሻ
ZKHUHܸLVUHFKDUJHYROWDJHN9LQWKLVZRUNܫLVWKHFXUUHQW
P$7KHHQHUJ\ܧRIDVLQJOHFKDUJHFDQWKHUHE\EHSUHVHQWHGDV


ܧ ൌ ܥܸ
ଶ
ʹ Ǥ

7KH GLVFKDUJH OHDGV WR D SODVPD IRUPDWLRQ IROORZHG E\ IUDFWLRQDO
HYDSRUDWLRQRIWKHHOHFWURGHPDWHULDO7KHHOHFWURGHVZHUHVXEMHFWHGWR
DIORZRIDFDUULHUJDV/30$U+RU1
 WKDW FDUULHG WKH )H YDSRU WR WKH UHDFWRU )LJ  IRU WKH
IRUWKFRPLQJ6:&17V\QWKHVLV WLPH IURP WKHVSDUN WR WKH UHDFWRUKRW
]RQHLVRIV

)LJXUH*HQHUDOVFKHPHRIWKHVSDUNGLVFKDUJHJHQHUDWRU
LQWHJUDWHGZLWKDWXEXODUJURZWK]RQHWRSURYLGHWKHDHURVRO6:&17
V\QWKHVLV
7KHREWDLQHGQDQRSDUWLFOHVZHUHWKHQVXEMHFWHGWRWKHWXEXODUTXDUW]
UHDFWRULVRWKHUPLF]RQHaPPG PPDQGPL[HGZLWKWKHFDUERQ
VRXUFH&2/307KH%RXGRXDUGUHDFWLRQRQWKHFDWDO\VW
VXUIDFHRFFXUULQJLQWKHKRW]RQHUHVXOWVUHVLGHQFHWLPHLVVWKHUHDFWRU
LVRSHUDWHGDWDPELHQWSUHVVXUHLQWKH6:&17JURZWK7KH6:&17V
REWDLQHGZHUHILOWHUHGWKURXJK+$:3ILOWHU0HUFN0LOOLSRUH86$ZLWKD
W\SLFDOFROOHFWLRQWLPHRIPLQIRUIXUWKHUGU\WUDQVIHUWRDJODVVTXDUW]
VXEVWUDWHVXLWDEOHIRU5DPDQDQG89YLVQ,5VWXGLHV>@RUWRSURYLGHD
IUHHVWDQGLQJ ILOP )LJ  ,W VKRXOGEH VWUHVVHG WKDW XQOLNH WKHPRVW
VSDUNGLVFKDUJHSURFHVVHV>@>@ WKHUHDFWRUGHYHORSHGLVH[KDXVW
IUHHLHDOOWKHQDQRSDUWLFOHVDUHGHOLYHUHGWRWKHUHDFWRU



)LJXUH3KRWRRIDIUHHVWDQGLQJWKLQILOPOHIWDQGWKLQILOPRQD
ILOWHURI6:&17V WKLFNQHVVRI WKH ILOP LVDERXWQP LQERWK FDVHV
SURGXFHGE\WKHVSDUNGLVFKDUJHDHURVRO&9'PHWKRG
 ,1)/8(1&(2)7+(',6&+$5*(3$5$0(7(56

7KH IUHTXHQF\ RI WKH VSDUN GLVFKDUJH ZLWKLQ WKH JHQHUDWRU LV
SURSRUWLRQDOWRWKHFXUUHQWEHWZHHQWKHHOHFWURGHVDFFRUGLQJWRHT
,QWHUPVRIPDWHULDOVSURGXFHGWKLVJLYHVXVDQRSSRUWXQLW\WRLQFUHDVH
WKH \LHOG RI ERWK LURQ QDQRSDUWLFOHV DQG 6:&17V SURGXFHGZKLOH WKH
QXPEHUVL]HGLVWULEXWLRQVPLJKWEHPRQLWRUHGXVLQJWKH'0$)LJD
E ,QGHHGZHREVHUYHG WKH OLQHDUGHSHQGHQFHRI WKH\LHOGRI FDUERQ
QDQRWXEHV)LJEFZKLOHWKHDYHUDJHGLDPHWHUZDVSURYHQWREH
FRQVWDQWRIQPDVFDOFXODWHGEDVHGRQWKHHQHUJ\RI6WUDQVLWLRQ
>@6XFKLQFUHDVHLQWKH\LHOGZLWKRXWDQ\KDUPWRWKHGLDPHWHUDQGWKH
OHQJWK GLVWULEXWLRQ LV QRW W\SLFDO IRU ERWK DHURVRO VFLHQFH DQG FDUERQ
QDQRWXEHJURZWKLQJHQHUDOXVXDOO\WKHSDUWLFOHVRIKLJKHUFRQFHQWUDWLRQ
WHQGWRDJJORPHUDWHIDVWHUSURYLGLQJDERXWWKHVDPHFRQFHQWUDWLRQ>@
ZKLOHWKHFDUERQQDQRWXEHV\QWKHVLVPHFKDQLVPLVVWLOOFKDOOHQJLQJ>@±
>@ GXH WR WKH HQWDQJOHPHQW RI GLIIHUHQW NLQHWLF VWHSV HJ FRPSOH[
UHODWLRQEHWZHHQWKHUHDFWLRQSDUDPHWHUVGLDPHWHUDQG\LHOG7KLVDOORZ
XVWRFRQVLGHUWKHPRVWSDUWRIWKHDFWLYHFDWDO\VWSDUWLFOHDJJORPHUDWLRQ
WREHSHUIRUPHG LQSODVPDRUQHDUE\KRW]RQHaPPIURPWKHVSDUN
>@ZKLOHWKHVXEVHTXHQWWUDQVSRUWWRWKH6:&17V\QWKHVLV]RQHRIWKH
UHDFWRUKDVDPLQRUHIIHFW)LJ



)LJXUH,QIOXHQFHRIFXUUHQWEHWZHHQHOHFWURGHVRQQDQRSDUWLFOH
JHQHUDWLRQDQG6:&17JURZWK'0$QXPEHUVL]HGLVWULEXWLRQVRIDLURQ
QDQRSDUWLFOHVDW WKHHQGRI WKHVSDUNDSSDUDWXVGLVWDQFHEHWZHHQWKH
HOHFWURGHV RI PP8a N9'J LV WKH JHRPHWULFPHDQ E FDUERQ
QDQRWXEHV SURGXFHG LQ WKH UHDFWRU ZLWK DGGLWLRQDO VSDUN JHQHUDWRU
SDUDPHWHUV  R&/301/30&2F89YLV1,5VSHFWUDRI
6:&17WKLQILOPV WKH LQVHWVKRZVWKHFXUUHQWGHSHQGHQFHRI WKHILOP
WKLFNQHVVG5DPDQVSHFWUDH9RI6:&17WKLQILOPVREWDLQHGDW
GLIIHUHQW FXUUHQW SDUDPHWHUV RI VSDUN GLVFKDUJH JHQHUDWRU WKH LQVHW
VKRZVHQODUJHG]RQHRIUDGLDOEUHDWKLQJPRGHV
 ,QWHUHVWLQJ IHDWXUHRI WKHGHYHORSHGVSDUNJHQHUDWRU LVDQ
HQKDQFHPHQWLQWKHTXDOLW\RI6:&17VZLWKDKLJKHU\LHOG7KLVFDQEH
DFFRXQWHG IRUHWFKLQJ UROHRI WKHSURGXFWRI WKH%RXGRXDUG UHDFWLRQ±
&2 WKH KLJKHU \LHOG UHVXOWV LQ D KLJKHU FRQYHUVLRQ RI WKH FDUERQ
PRQR[LGHSURYLGLQJWKHPRUHHIIHFWLYHHWFKLQJRIDPRUSKRXVRUGHIHFWLYH
FDUERQLPSXULWLHVRIQDQRWXEHV>@
2SSRVLWHO\ WR WKH FXUUHQW WKH EUHDNGRZQ YROWDJH VKRZVDQDOPRVW
QHJOLJLEOH HIIHFW RI WKH GHIHFW FRQFHQWUDWLRQ ZLWKLQ WKH 6:&17V )LJ
G7KLVPD\EHGXHWRWKHSDUDEROLFHQKDQFHRIWKH\LHOGSURGXFLQJ


VRPXFK&2WKDWLWFDQHWFKWKH6:&17VWUXFWXUH >@7KHGLDPHWHU
GLVWULEXWLRQRI6:&17VLVQRWDIIHFWHGE\ERWKWKHFXUUHQWDQGEUHDNGRZQ
YROWDJH)LJEFZKLFKPHDQVWKDWWKHSDUWLFOHVDUHPRVWO\IRUPHG
LQWKHSODVPD]RQHQHDUWKHVSDUNGLVFKDUJH1HYHUWKHOHVVWKHLQIOXHQFH
RI WKHEUHDNGRZQYROWDJHRQ6:&17\LHOGFDQEHGHVFULEHGZHOOZLWK
SDUDEROLFIXQFWLRQ)LJFLQVHWDQDORJRXVWRWKHHTXDWLRQWDNLQJ
LQWRDFFRXQWWKHGLUHFWFRUUHODWLRQEHWZHHQWKHDPRXQWRIQDQRSDUWLFOHV
IRUPHGDQG6:&17FRQFHQWUDWLRQ)LJDE,WVKRXOGEHPHQWLRQHG
WKDWZHGLGQRWREVHUYHDQ\DGGLWLRQDOFKLUDO LQGH[HV LQ WKHSRROZKLOH
YDU\LQJWKHEUHDNGRZQYROWDJH7KXVWKHEUHDNGRZQYROWDJHDQGFXUUHQW
DOORZ XV WR PDQLSXODWH SUHFLVHO\ WKH \LHOG RI VLQJOHZDOOHG FDUERQ
QDQRWXEHVDQGWKHLUGHIHFWLYHVWUXFWXUHZKLOHPDLQWDLQLQJ WKHGLDPHWHU
GLVWULEXWLRQ7KLVPD\EHGXHWRWKHXQXVXDOVLWXDWLRQRIFDUERQQDQRWXEH
JURZWK±DUHODWLYHO\LQKLELWHGVLQWHULQJRIWKHDFWLYHSDUWLFOHVLQWKH]RQH
RIWKHUHDFWRUSUHFHGLQJWKHQXFOHDWLRQ±IRUPDWLRQRIFDUERQQDQRWXEH
FDS>@>@>@7KXVZHFDQFRQVLGHUWKHWZRIXQGDPHQWDOVWHSVRI
WKH FDUERQ QDQRWXEH QXFOHDWLRQ QDPHO\ WKH VLQWHULQJ RI WKH DFWLYH
SDUWLFOHVDQGWKHLUVDWXUDWLRQZLWKFDUERQLQWHUPHGLDWHVSHFLHV>@>@
>@ WREHVHSDUDWHG LQVSDFHDQG WLPHSURYLGLQJDGLUHFW URXWH WR WKH
VFDODEOHUREXVWWHFKQRORJ\RI6:&17JURZWK





)LJXUH,QIOXHQFHRIEUHDNGRZQYROWDJHEHWZHHQWKHHOHFWURGHV
RQ QDQRSDUWLFOH JHQHUDWLRQ DQG 6:&17 JURZWK '0$ QXPEHU VL]H
GLVWULEXWLRQVRID LURQQDQRSDUWLFOHVDW WKHHQGRI WKHVSDUNDSSDUDWXV
, P$8aN9EFDUERQQDQRWXEHVSURGXFHGLQWKHUHDFWRUXQGHU
FRPSOHPHQWDU\VSDUNJHQHUDWRUSDUDPHWHUVR&/301/30
&2F89YLV1,5VSHFWUDRI6:&17WKLQILOPVG5DPDQVSHFWUDRI
6:&17WKLQILOPVREWDLQHGDWGLIIHUHQWEUHDNGRZQYROWDJHSDUDPHWHUVRI
VSDUN GLVFKDUJH JHQHUDWRU WKH LQVHW VKRZV HQODUJHG ]RQH RI UDGLDO
EUHDWKLQJ PRGHV H WKH GHSHQGHQFH RI WKH ILOP WKLFNQHVV RQ WKH
EUHDNGRZQYROWDJH
$Q LQFUHDVH RI WKH FDUULHU JDV IORZ UDWH UHVXOWV LQ D VLJQLILFDQW
GHFUHDVHRILURQSDUWLFOHGLDPHWHU)LJDEZKLOHWKHLQIOXHQFHRQ
WKH6:&17JURZWKLVPRUHFRPSOLFDWHGWKHKLJKHUIORZUDWHRIQLWURJHQ
GLOXWHVWKHFDUERQPRQR[LGHUHGXFLQJWKHUDWHRI&17JURZWKGXHWRWKH
ORZHUSDUWLDOSUHVVXUHRIWKHFDUERQVRXUFH7KLVUHVXOWVLQYROFDQROLNH


GHSHQGHQFHRI WKHHIIHFWLYHDHURVROVL]HRI WKHQDQRWXEHV )LJF
DQG WKH \LHOG )LJ  G ZKLOH FKDQJHV LQ WKH GLDPHWHU GLVWULEXWLRQ
DFFRUGLQJ WR WKH 7(0 VWDWLVWLFV DUH UDWKHU PLQRU )LJ  7KH LURQ
QDQRSDUWLFOHV REVHUYHG LQ )LJXUH  FRUUHVSRQG WR QRQDFWLYDWHG
FDWDO\VW SDUWLFOHV ,QGHHG WKH '0$ PHDVXUHPHQWV RI WKH )H
QDQRSDUWLFOHVVKRZRQO\DVPDOO IUDFWLRQRIPHWDOVSHFLHVH[FHHGLQJ
QP$VXQGHU&9'FRQGLWLRQVWKHSDUWLFOHVL]HDQG6:&17GLDPHWHUDUH
DOPRVWWKHVDPH>@>@DQGGXHWRWKHIHDWXUHRI%RXGRXDUGUHDFWLRQQR
IRUPDWLRQRIPXOWLZDOOHGFDUERQQDQRWXEHV>@>@WKHSDUWLFOHVODUJHU
WKDQQPZRXOGQRWSURYLGH6:&17QXFOHDWLRQ$V&2GHFRPSRVLWLRQ
LV VWLOO SRVVLEOHRQ WKHVXUIDFHRI VXFKQDQRSDUWLFOHVD FHUWDLQ FDUERQ
FRQFHQWUDWLRQ LV UHDFKHG XQGHU WKH JURZWK FRQGLWLRQV SURYLGLQJ D
JUDSKLWLFFRUHDWWKHURRPWHPSHUDWXUHGXHWRDGUDPDWLFGHFUHDVHRIWKH
FDUERQVROXELOLW\

)LJXUH  ,QIOXHQFH RI WKH FDUULHU JDV IORZ UDWH RQ QDQRSDUWLFOH
JHQHUDWLRQDQG6:&17JURZWK'0$QXPEHUVL]HGLVWULEXWLRQVRIDLURQ
QDQRSDUWLFOHVDWWKHHQGRIWKHVSDUNDSSDUDWXV, P$8aN9E
FDUERQQDQRWXEHVSURGXFHGLQWKHUHDFWRUXQGHUFRPSOHPHQWDU\VSDUN
JHQHUDWRUSDUDPHWHUVR&WRWDOIORZRI/301&2F89YLV
1,5VSHFWUDRI6:&17ILOPV WKHGHSHQGHQFHRI WKHILOPWKLFNQHVVRQ



WKH EUHDNGRZQ YROWDJH LV LQ LQVHW G5DPDQ VSHFWUD RI6:&17 ILOPV
REWDLQHG DW GLIIHUHQW FDUULHU JDV IORZ UDWH LQ WKH VSDUN GLVFKDUJH
JHQHUDWRUWKHLQVHWVKRZVHQODUJHG]RQHRIUDGLDOEUHDWKLQJPRGHV
7KHFUXFLDO UROHRI WKHFDUERQPRQR[LGH IHHGLQJZDVFRQILUPHGE\
FRQWUROOLQJ WKH DPRXQW RI FDUERQ PRQR[LGH ZKLOH WKH UHVLGHQFH WLPH
YDULHG)LJWKLVUHVXOWHGLQWKHVDPHSDUDPHWHUGHSHQGHQFHDVWKH
DERYHPHQWLRQHGEUHDNGRZQYROWDJHDQGWKHFXUUHQW6:&17JURZWK±
GLDPHWHU GLVWULEXWLRQ DQG REVHUYHG GHIHFWLYHQHVV )LJ  D F DUH
DOPRVWWKHVDPH+RZHYHUWKHSDUWLFOHVL]HGLVWULEXWLRQREWDLQHGE\'0$
VKRZVDQ LQWHUHVWLQJGHSHQGHQFHZKLOH WKH WRWDO FRQFHQWUDWLRQRI WKH
SDUWLFOHV FRQVWDQWO\ JURZV WKH PHDQ REVHUYHG GLDPHWHU VKRZV DQ
H[WUHPXPYDOXHDWDIORZUDWHRI/30

)LJXUH7(06:&17VPLFURSKRWRJUDSKVSURGXFHGDWGLIIHUHQW
QLWURJHQIORZUDWHV WKURXJKWKHVSDUNGLVFKDUJHJHQHUDWRUD/30
1E/301R&WKHWRWDOIORZRI1&2 /30WKHLQVHWVVKRZ
WKHGLDPHWHUGLVWULEXWLRQVEDVHGRQ7(0VWDWLVWLFV

D E



)LJXUH  ,QIOXHQFH RI WKH QLWURJHQ IORZ UDWH RQ )H SDUWLFOH
JHQHUDWLRQDQG6:&17JURZWKXQGHUDWDFRQVWDQW&2IORZD89YLV
1,5VSHFWUDRI6:&17ILOPV, P$8aN9E'0$QXPEHUVL]H
GLVWULEXWLRQVRI6:&17VR&F5DPDQVSHFWUDRI6:&17WKLQILOPV
REWDLQHGDWGLIIHUHQWQLWURJHQIORZUDWHVLQWKHVSDUNGLVFKDUJHJHQHUDWRU
WKHLQVHWVKRZVHQODUJHG]RQHRIUDGLDOEUHDWKLQJPRGHV7KHFRORUVRI
WKHVDPSOHVDW ILJXUHVDFDUH WKHVDPHEODFN OLQH±/30RI1
WKURXJKWKHVSDUNGLVFKDUJHJHQHUDWRU/30RI&2WKURXJKWKHVLGH
IORZDIWHUWKHJHQHUDWRUUHG±/301/30&2EOXH±/30
1/30&2PDJHQWD±/301/30&2ROLYH±/30
1/30&2
8VLQJ WKLV LQWHUHVWLQJ IHDWXUH ZH KDYH RSWLPL]HG WKH OHQJWK RI
6:&17V WR EH ORZHU WKDQ  QP HLJKW WLPHV ORZHU WKDQ LQ >@
DFFRUGLQJ WR $)0 VWDWLVWLFV )LJ  SURYLGLQJ D URXWH IRU VFDODEOH
SURGXFWLRQRIWKHLQGLYLGXDOQDQRWXEHVIRUGUXJGHOLYHU\DQGWUDQVLVWRUV
,W VKRXOG EH UHPDLQHG WKDW WKH YROFDQROLNH VLQJOHH[WUHPXP
GHSHQGHQFHPLJKWEHLPSOLHGRQWKHEDVLVRIWKH$)0GDWD)LJ



)LJXUHDEW\SLFDO$)0LPDJHVRI6:&17VRQ6L2VXEVWUDWH
WKHOHQJWKGLVWULEXWLRQVEDVHGRQ$)0VWDWLVWLFVIRUGLIIHUHQWFRQWDFWWLPH
ZLWKLQWKHUHDFWRUFV/301/30&2GV/301
/30&2HV/301/30&2
2EYLRXVO\WKHFDUULHUJDVQDWXUHVKRXOGDIIHFWWKHEUHDNGRZQYROWDJH
SURYLGLQJ D VPRRWK FRQWURO RI WKH QDQRSDUWLFOHV SURGXFHG :H KDYH
HPSOR\HGQLWURJHQDUJRQDQGK\GURJHQDVPRGHOJDVHV IRU6:&17
JURZWK 0RUHRYHU K\GURJHQ LV FRQVLGHUHG WR EH D SURPRWHU LQ WKH
6:&17JURZWKSURFHVVLQWKHDHURVRO&9'DSSURDFK>@:HKDYHIRXQG
WKHFDUULHUJDVQDWXUHWRKDYHDFUXFLDOLPSDFWRI6:&17JURZWKZKHQ
XVLQJ WKH VSDUN GLVFKDUJH JHQHUDWRU DV D FDWDO\VW VRXUFH )LJ 
1XPEHUVL]HGLVWULEXWLRQVRIERWK)HQDQRSDUWLFOHVDQGIRUPHG6:&17V
VKRZ D VLJQLILFDQW GHFUHDVH RI WKH PDWHULDO SURGXFHG FRLQFLGLQJ ZLWK
SKHQRPHQRORJLFDO 3DFKHQV¶ ODZ IRU GLVFKDUJH >@ 0RUHRYHU WKH
LQWURGXFWLRQRIK\GURJHQVWRSSHGWKHSURGXFWLRQRI6:&17VSURYLGLQJ
PRUH WKDQ  SSP RI ZDWHU LQ WKH H[KDXVW 7KLV PD\ EH GXH WR
K\GURJHQLRQL]DWLRQLQVSDUNJHQHUDWRUKRW]RQH1HYHUWKHOHVVWKH$U1
PL[WXUHVFDQEHFRQVLGHUHGDVDURXWHIRUVPRRWKWXQLQJRIWKHGHIHFWLYH
VWUXFWXUHRI6:&17



)LJXUH,QIOXHQFHRIWKHFDUULHUJDVQDWXUHLQWKHVSDUNGLVFKDUJH
JHQHUDWRU RQ WKHSURGXFWLRQ RI )H QDQRSDUWLFOHV DQG6:&17JURZWK
'0$QXPEHUVL]HGLVWULEXWLRQVRIDLURQQDQRSDUWLFOHVDWWKHHQGRIWKH
VSDUNDSSDUDWXV, P$8aN9EFDUERQQDQRWXEHVSURGXFHGLQ
WKHUHDFWRUXQGHUFRPSOHPHQWDU\VSDUNJHQHUDWRUSDUDPHWHUVR&
/30RIDFDUULHUJDV/30&2F89YLV1,5VSHFWUDRI6:&17WKLQ
ILOPV G 5DPDQ VSHFWUD RI 6:&17 WKLQ ILOPV LQ GLIIHUHQW FDUULHU JDV
QDWXUHVSDUNGLVFKDUJHJHQHUDWRUWKHOHIWLQVHWVKRZVHQODUJHG]RQHRI
UDGLDOEUHDWKLQJPRGHV
7KXVWKHUHKDVEHHQREVHUYHGDUDUHLQWHUPVRIWKH6:&17JURZWK
FDVHRILQGHSHQGHQWSURGXFWFKDUDFWHULVWLFV±WKHFKDQJHVLQWKHFXUUHQW
EHWZHHQ WKH )H HOHFWURGHV DIIHFWV WKH \LHOG EXW QRW WKH GLDPHWHU
GLVWULEXWLRQZKLOH WKHEUHDNGRZQYROWDJHKDVQHJOHFWDEOH LQIOXHQFHRQ
WKH GHIHFW FRQFHQWUDWLRQ RI 6:&71V SURYLGLQJ SDUDEROLF ERRVW LQ WKH
\LHOG 7KH DELOLW\ IRU WXQLQJ WKH GHIHFWLYHQHVV WKRXJK FKDQJHV LQ WKH
QDWXUHRIDPHGLDZLWKLQ WKHJHQHUDWRUZDVVKRZQ WKHVXEVWLWXWLRQRI
QLWURJHQRQDUJRQDVDFDUULHUJDVGURSVWKHTXDOLW\RIQDQRWXEHV7KLVLV
PD\EHGXHWRWKHVHSDUDWLRQRIWKHQDQRSDUWLFOHIRUPDWLRQDQGFDUERQ
QDQRWXEHQXFOHDWLRQSURFHVVHV±WKHPRVWSDUWRIDJJORPHUDWLRQRFFXUV
LQ SODVPD RU QHDUE\ KRW ]RQHRI WKH JHQHUDWRUZKLOH WKH HIIHFW RI WKH


IROORZLQJWUDQVSRUWWRWKH6:&17V\QWKHVLV]RQHRIWKHUHDFWRULVUDWKHU
PLQRU7KLVIHDWXUHXQXVXDOIRU6:&17JURZWKUHDFWRUVJUDQWVXVDQ
H[WUDGHJUHHRIIUHHGRPLQWHUPVRIILQHWXQLQJRIWKHPDWHULDOVSURGXFHG
 7+(52/(2)7(03(5$785($1'&2
&217(17

7KH6:&17JURZWKLQWKHIHUURFHQHUHDFWRUKDVEHHQZLGHO\VWXGLHG
GXULQJWKHODVW\HDUV>@>@>@>@>@>@±>@:KHQ&2LV
DSSOLHG DV D FDUERQ VRXUFH WKH WHPSHUDWXUH XVXDOO\ VKRZV D QDUURZ
RSWLPXPFRQGLWLRQa&:KLOHWKHDGGLWLRQRI&2>@OHDGVWRDQ
LQFUHDVHLQWKHPHDQGLDPHWHUORZHUVGHIHFWLYHQHVVDQGKDVYROFDQR
OLNHGHSHQGHQFHIRU WKH\LHOG+RZHYHU WKHFRUUHVSRQGLQJSDUDPHWHUV
IRUDVSDUNGLVFKDUJHUHDFWRUKDYHQRW\HWEHHQVWXGLHG,QWKLVVHFWLRQ
WRSURYLGHDMXVWLILHGFRPSDULVRQZHFRQVLGHUWKHLQIOXHQFHRIWKH&2
DQGWKHWHPSHUDWXUHRQ6:&17JURZWKLQWKHVSDUNGLVFKDUJHUHDFWRU
&DUERQGLR[LGHDFWVDVDSURPRWRUHQKDQFLQJWKHFDWDO\WLFDFWLYLW\RI
)H SDUWLFOHV IRU IHUURFHQH UHDFWRU+RZHYHU LQ WKH FDVH RI WKH VSDUN
GLVFKDUJH UHDFWRUZHREVHUYHDQRSSRVLWH LQIOXHQFH LQFUHDVHRI&2
FRQFHQWUDWLRQ LQKLELWV 6:&17 JURZWK )LJ  $ GHFUHDVH RI WKH
REVHUYHGHIIHFWLYHVL]HRIDHURVROSDUWLFOHV)LJDFDQEHDWWULEXWHG
WR HLWKHU UHGXFHG FDWDO\WLF DFWLYLW\ RI )H VSHFLHV OHDGLQJ WR VKRUWHU
QDQRWXEHVRUWRVXSSUHVVHGDFWLYDWLRQRIWKHFDWDO\VWOHDGLQJWRDORZHU
DPRXQW RI 6:&17V LQ EXQGOHV +RZHYHU WKH 6:&17 OHQJWK
GLVWULEXWLRQEDVHGRQ$)0VWDWLVWLFVFOHDUO\UHMHFWVWKHIRUPHUK\SRWKHVLV
)LJEF7KXVORZDPRXQWVRI&2GRQRWDIIHFWWKHUDWHRIVWHDG\
VWDWH6:&17JURZWK



)LJXUH ,QIOXHQFHRI&2RQ WKH6:&17JURZWK LQ WKH VSDUN
GLVFKDUJH UHDFWRU D '0$ QXPEHU VL]H GLVWULEXWLRQV RI 6:&17V
SURGXFHG XQGHU GLIIHUHQW FRQFHQWUDWLRQ RI &2 WKH DUURZ VKRZV WKH
VKRXOGHU RI R[LGL]HG )H SDUWLFOHV WKH OHQJWK GLVWULEXWLRQ RI 6:&17V
EDVHGRQ$)0VWDWLVWLFV IRU WKHVDPSOHSURGXFHGZLWKRXW&2 EDQG
ZLWKYRORI&2F
7KHHIIHFWRI&2RQ6:&17QXFOHDWLRQLVQRWOLPLWHGWRWKHIUDFWLRQ
RI DFWLYH )H SDUWLFOHV 7KH PHDQ GLDPHWHU RI 6:&17V D SDUDPHWHU
GHILQHG GXULQJ WKH QXFOHDWLRQ WHQGV WR LQFUHDVH ZLWK WKH DGGLWLRQ RI
FDUERQGLR[LGHWRWKHVSDUNGLVFKDUJHUHDFWRU)LJDVLPLODUO\WRWKH
HIIHFWREVHUYHGIRUWKHIHUURFHQHUHDFWRU>@>@7KLVFDQEHH[SODLQHG
DVIROORZV7KHDGGLWLRQRI&2VKLIWVWKHVL]HGHSHQGHQWHTXLOLEULXPRI
WKH%RXGRXDUGUHDFWLRQRQWKHFDWDO\VWVXUIDFHOHDGLQJWRWKHHWFKLQJRI


VPDOOGLDPHWHU QDQRWXEH FDSV GXULQJ WKH QXFOHDWLRQ VWDJH 7KH
K\SRWKHVLVRISDUWLDOHWFKLQJRIWKHPRVWXQVWDEOHRUGHIHFWLYHVSHFLHVLQ
WKHHQVHPEOH LVVXSSRUWHG )LJEE\ WKH LQFUHDVHRI WKH UDWLRRI
LQWHQVLWLHVRI*DQG'PRGHV,*,'RI5DPDQVSHFWUDFRUUHVSRQGVWRD
UHYHUVHGHIHFW FRQFHQWUDWLRQ>@0RUHRYHU DSDUW IURP WKHHWFKLQJRI
GHIHFWLYHVSHFLHV WKH ,*,'JURZWKFDQDOVREHDIIHFWHGE\ WKHVKLIW LQ
6:&17GLDPHWHU GLVWULEXWLRQ WKLFNHU QDQRWXEHV FRUUHVSRQG WR KLJKHU
,*,'>@>@

)LJXUH  ,QIOXHQFH RI &2 RQ WKH 89YLV1,5 VSHFWUD D DQG
5DPDQVSHFWUDELQWKHVSDUNGLVFKDUJHUHDFWRU
7KH WHPSHUDWXUH GHSHQGHQFH RI WKH \LHOG VKRZV D YROFDQROLNH
GHSHQGHQFH)LJDZLWKDQRSWLPDOSRLQWFD&VLPLODUWR


WKH IHUURFHQH UHDFWRU ,*,' FRQVWDQWO\ LQFUHDVHVZLWK WHPSHUDWXUH )LJ
EWKDWFRUUHVSRQGVWRWKHEHKDYLRUREVHUYHGLQOLWHUDWXUH>@
,QWHUHVWLQJO\DVPDOOVKLIWLQGLDPHWHUZKHQKHDWHG)LJEVKRZV
DSSDUHQWDFWLYDWLRQHQHUJ\RIN-PRO6LPLODUYDOXHFDQEHREWDLQHGLI
WKH FRDJXODWLRQ RI DHURVRO QDQRSDUWLFOHV LV FRQVLGHUHG WR EH WKH UDWH
OLPLWLQJ VWHS GXULQJ WKH 6:&17 QXFOHDWLRQ ,QGHHG WKH FRDJXODWLRQ
OLPLWHGSURFHVVUHVXOWVLQDYDOXHRIWKHDSSDUHQWDFWLYDWLRQHQHUJ\RI57
ZKHUH5LVWKHJDVFRQVWDQW8QGHUWKH6:&17JURZWKWHPSHUDWXUHV
7a.WKHYDOXHRI57LVaN-PRO

)LJXUH(IIHFWRIWKHWHPSHUDWXUHRQWKH6:&17JURZWKLQWKH
VSDUNGLVFKDUJHUHDFWRUD'0$QXPEHUVL]HGLVWULEXWLRQVRI6:&17V
SURGXFHG E5DPDQ VSHFWUD RI6:&17 WKLQ ILOPVREWDLQHG WKH LQVHW
VKRZVHQODUJHG]RQHRIUDGLDOEUHDWKLQJPRGHVF89YLV1,5VSHFWUD
RI6:&17WKLQILOPVWKHLQVHWFRUUHVSRQGVWRWKH$UUKHQLXVSORWRIWKH
ILOPWKLFNQHVV


7KXVGHVSLWHDPLQRU ORVV LQ WKH\LHOG WKHVSDUNGLVFKDUJHUHDFWRU
SURYLGHV VLPSOH DQG SUHFLVH ZD\ WR LQFUHDVH WKH SURGXFWLYLW\ RI WKH
SURFHVVZLWKRXWDQ\KDUPWRWKHGLDPHWHUGLVWULEXWLRQRIGHIHFWLYHQHVVRI
WKH FDUERQ QDQRWXEHV >@ XQOLNH WKH FDVH RI WKH IHUURFHQH EDVHG
UHDFWRU
 &203$5,6212)7+(63$5.',6&+$5*($1'7+(
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
$GLVWLQFWLYHIHDWXUHRIWKHVSDUNGLVFKDUJHUHDFWRULVWKHVHSDUDWLRQ
RIWKHDFWLYHFRPSRQHQWVLQWHULQJDQG)HVDWXUDWLRQZLWKFDUERQ±WKHWZR
VWHSV SUHFHGLQJ WKH 6:&17 QXFOHDWLRQ >@ >@ >@ )LJ 
VFKHPDWLFDOO\ LOOXVWUDWHV WKH GLIIHUHQFH LQ WKH 6:&17 QXFOHDWLRQ
SURFHGXUH:KLOHWKHLQIOXHQFHRIWKHJURZWKWHPSHUDWXUHZDVVKRZQWR
EH VLPLODU IRU ERWK WKH IHUURFHQH DQG VSDUN GLVFKDUJH UHDFWRUV WKH
GLIIHUHQFHVLQWKHUROHRIFDUERQGLR[LGHDUHPRUHGLVWLQFWLYH

)LJXUH  6FKHPDWLF UHSUHVHQWDWLRQ RI WKH GLIIHUHQFHV LQ WKH
6:&17QXFOHDWLRQLQWKHIHUURFHQHOHIWDQGWKHVSDUNGLVFKDUJHULJKW
UHDFWRUV
 8QOLNH WKH IHUURFHQH UHDFWRUFDUERQGLR[LGHDGGLWLRQGRHV
QRW UHVXOW LQ D YROFDQROLNH GHSHQGHQFH ZLWK D SURPRWLRQ RI 6:&17
JURZWK IROORZHG E\ WKH LQKLELWLRQ )LJ  +RZHYHU WUHQGV
FRUUHVSRQGLQJWRDGHFUHDVHLQWKHFDWDO\VWSURGXFWLYLW\SUHVXPDEO\KDYH
WKH DQDORJRXV PHFKDQLVP WKH UHDFWLRQ RUGHU ZLWK UHVSHFW WR FDUERQ
GLR[LGH LV a  7KXV DV GLVFXVVHG LQ WKHSUHYLRXV VHFWLRQ WKH&2
GHFUHDVHVWKHIUDFWLRQRIDFWLYHFDWDO\WLFSDUWLFOHV7KH LQFUHDVHRI WKH


DFWLYLW\ LQ WKH FDVH RI WKH IHUURFHQH UHDFWRU FDQ EH DWWULEXWHG WR WKH
IROORZLQJ SURFHVVHV 6LPLODU WR WKH UROH RI WKH ZDWHU YDSRU LQ WKH
VXSHUJURZWK SURFHVV >@ WKH &2 FDQ HWFK WKH DPRUSKRXV FDUERQ
VSHFLHVRQWKHFDWDO\VWVXUIDFH$V&2LVRQHRIWKHPRVWVWDEOHFDUERQ
VSHFLHVDORQJZLWKPHWKDQHWKHDPRUSKRXVFDUERQLVSURYLGHGPRVWO\
E\ WKH IHUURFHQH UHVLGXDOV ZKLFK DEVHQW LQ WKH FDVH RI WKH VSDUN
GLVFKDUJHUHDFWRU
7KHIHUURFHQHUHDFWRUSURYLGHVDKLJKHU6:&17\LHOG)LJDW
FRPSDUDEOH FDWDO\VW FRQFHQWUDWLRQV 7KLV FDQ EH DWWULEXWHG WR WKH
SHFXOLDULWLHVRIWKHDFWLYDWLRQSURFHGXUHH[VLWXDFWLYDWLRQLQWKHFDVHRI
WKHVSDUNGLVFKDUJH UHDFWRU )LJ OHDGV WR ORJQRUPDOSDUWLFOHVL]H
GLVWULEXWLRQ7KLVUHVXOWVLQWKHKLJKHUIUDFWLRQRI ODUJH)HQDQRSDUWLFOHV
ZKHQ FRPSDUHG WR LQ VLWX DFWLYDWLRQ IHUURFHQH UHDFWRU UHGXFLQJ WKH
6:&17\LHOG



)LJXUH&RPSDULVRQRIWKH6:&17JURZWKXQGHUGLIIHUHQW&2
FRQWHQWLQWKHVSDUNGLVFKDUJHDQGIHUURFHQHUHDFWRUVLQWHUPVRIWKH\LHOG
D '0$ QXPEHU VL]H GLVWULEXWLRQV RI 6:&17V SURGXFHG LQ GLIIHUHQW
UHDFWRUVE
 7KH LQFUHDVH RI WKH 6:&17 PHDQ GLDPHWHU DQG ,*,' LV
VLPLODU IRU ERWK UHDFWRUV LPSO\LQJ WKDW WKH UROH RI &2 GXULQJ WKH
QXFOHDWLRQVWHSLVURXJKO\WKHVDPH)LJ7KXVWKHGLIIHUHQFHLQ
WKH DUFKLWHFWXUH RI WKH DHURVRO &9' UHDFWRUV HTXLSSHGZLWK IHUURFHQH


FDUWULGJHDQGVSDUNGLVFKDUJHJHQHUDWRURI)HQDQRSDUWLFOHVDIIHFWVWKH
QXFOHDWLRQSDWWHUQVRIWKH6:&17JURZWKSURYLGLQJERWKH[VLWXVSDUN
GLVFKDUJH UHDFWRU DQG LQ VLWX IHUURFHQH UHDFWRU DFWLYDWLRQ RI WKH )H
FDWDO\VW2Q WKHRQHKDQGH[VLWXDFWLYDWLRQ VSDUNGLVFKDUJH UHDFWRU
OHDGV WR ORJQRUPDO SDUWLFOHV VL]H GLVWULEXWLRQ LQKLELWLQJ WKH \LHOG E\
GHFUHDVHGXWLOL]DWLRQGHJUHHGXHWRWKHIUDFWLRQRIODUJH)HQDQRSDUWLFOHV
RQWKHRWKHUWKH6:&17JURZWKLQWKHVSDUNGLVFKDUJHUHDFWRUVKRZVD
VLPSOH UHODWLRQ EHWZHHQ WKH FDUERQ GLR[LGH FRQWHQW DQG WKH GLDPHWHU
GLVWULEXWLRQZKLOHWKH\LHOGFDQEHLQGHSHQGHQWO\WXQHGLQDZLGHUDQJHE\
WKHSDUDPHWHUVRI WKHVSDUNGLVFKDUJH >@7KH WHPSHUDWXUHYDULDWLRQ
VKRZVDPLQRUHIIHFWRQWKHGLDPHWHUZLWKWKHDSSDUHQWDFWLYDWLRQHQHUJ\
a57

)LJXUH&RPSDULVRQRIWKH6:&17JURZWKXQGHUGLIIHUHQW&2
FRQWHQW LQ WKH VSDUN GLVFKDUJH DQG IHUURFHQH UHDFWRUV RQ WKH PHDQ
GLDPHWHUDGHIHFWLYHQHVVE


7KXV WKH VSDUN GLVFKDUJH UHDFWRU GHYHORSHG SURYLGHV D URXWH IRU
LQGHSHQGHQW WXQLQJ RI WKH \LHOG EUHDNGRZQ YROWDJH WKH FXUUHQW
GLDPHWHU GLVWULEXWLRQ &2 FRQWHQW GHIHFWLYHQHVV LQHUW JDV QDWXUH
WHPSHUDWXUH&2FRQWHQWRSHQLQJDQDYHQXHIRUVFDODEOHDHURVRO&9'
JURZWKRI6:&17VZLWKWDLORUHGSURSHUWLHV 


 '$7$$1$/<6,6$1'352&(66,1*
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
7KHFRPSOH[LW\RIPHFKDQLVPVRI WKHQDQRWXEHQXFOHDWLRQJURZWK
DQGWHUPLQDWLRQLQKLELWHGWKHSURJUHVVWRZDUGVWKHFRQWURORIWKHSURGXFW
ZLWK GHILQHG SDUDPHWHUV E\ D JHQHUDO NLQHWLF PRGHO IRU WKH 6:&17
JURZWK 7KH ODFN RI WKHPRGHO D TXDQWLWDWLYH FRUUHODWLRQ EHWZHHQ WKH
V\QWKHVLVSURFHVVDQG6:&17SHUIRUPDQFHDQGV\VWHPDWLFGDWDVHWV
DUH VWLOO NH\ EDUULHUV WR FRQWUROOHG V\QWKHVLV DQG WKHUHIRUH IRU DZLGH
UDQJHRIDSSOLFDWLRQV>@>@>@+HUHIRUWKHILUVWWLPHZHHPSOR\WKH
PHWKRGRORJ\RIDUWLILFLDOQHXUDOQHWZRUN$11)LJWKDWSURYHGLWVHOI
IRU FRPSOH[ PXOWLSDUDPHWHU WDVNV >@ >@ RI SURFHVVLQJ RI WKH
H[SHULPHQWDO GDWD WR HQKDQFH WKH FRQWURO RYHU VLQJOHZDOOHG FDUERQ
QDQRWXEHVXQGHUV\QWKHVLVFRQGLWLRQVDQGWRSUHGLFWWKHH[SHULPHQWDO
UHVXOWV

)LJXUH  $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH KLHUDUFKLFDO
DUFKLWHFWXUH RI WKH H[SHULPHQWDO VHWXS DQG DUWLILFLDO QHXUDO QHWZRUN
FRQQHFWLRQIRUFRQWUROOHGDQGSUHGLFWLYH6:&17V\QWKHVLV
7KH DHURVRO &9' V\QWKHVLV EDVHG RQ %RXGRXDUG UHDFWLRQ
&2 &&2 WKH PHWKRG HPSOR\HG ZLWKLQ WKH WKHVLV LV WKH PRVW
VXLWDEOHIRUWKH$11SURFHVVLQJ±WKLVUHODWLYHO\VLPSOHPHWKRGDOORZVXV
WRPLQLPL]HWKHQXPEHURILQSXWSDUDPHWHUVDYRLGLQJWKHLQIOXHQFHRID


VXEVWUDWH FDWDO\VW DFWLYDWLRQ SURFHGXUH DQG WR GHFUHDVH D YDULHW\ RI
SRVVLEOHFKHPLFDOUHDFWLRQVGXULQJWKHV\QWKHVLV
:HGHILQHILYHNH\LQSXWSDUDPHWHUVQDPHO\WKHSDUWLDOSUHVVXUHRI
&2&2DQGIHUURFHQHDVZHOODVWKHUHVLGHQFHWLPHDQGWHPSHUDWXUH
IRUDFRPSUHKHQVLYHGHVFULSWLRQRIWKHSURFHVVZLWKLQWKHH[SHULPHQWDO
DUFKLWHFWXUHXVHG8QGRXEWHGO\WKHNH\LQSXWSDUDPHWHUVDUHQRWWKHRQO\
YDULDEOHVDIIHFWLQJWKH6:&17JURZWK+RZHYHU WKHRWKHUWKLQJVNHSW
FRQVWDQWHJFDWDO\VWFRPSRVLWLRQZD\RIFDWDO\VWSURGXFWLRQUHDFWRU
W\SHDQGFDQEHDGGHGLQIXUWKHUVWXGLHV$WWKHVDPHWLPHWKHFRPSOH[
HIIHFWRIHDFKLQSXWSDUDPHWHURQ6:&17FKDUDFWHULVWLFV>@HJERWK
&2FRQWHQWDVZHOODV7DIIHFWWKHGLDPHWHUGLVWULEXWLRQGHIHFWLYHQHVV
DQGWKH\LHOG>@>@>@>@HYHQWKHSDUWLDOSUHVVXUHRIWKHFDUERQ
VRXUFH&2DIIHFWVERWKWKHQXFOHDWLRQDQGWKHJURZWKSURYLGLQJDQRQ
WULYLDOGHSHQGHQFHV>@LQKLELWLQJVLPSOHSURFHVVLQJWKHUHE\EHFRPLQJ
WKHPDLQGULYHUOHDGLQJXVWR$11HPSOR\PHQW
8VLQJVXFKDVHWRI LQSXWSDUDPHWHUVZHDFTXLUHGDGDWDVHWRI
SRLQWV 7DEOH 6 ZLWK  NH\ SHUIRUPDQFH 6:&17 SDUDPHWHUV WKH
GLDPHWHUGLVWULEXWLRQPHDQDQGVWDQGDUGGHYLDWLRQKHUHLQDIWHUG&17DQG
ıG WKH \LHOG WKH UDWLR RI LQWHQVLWLHV RI * DQG 'PRGHV RI D 5DPDQ
VSHFWUXP ,*,' )LJ  VKRZV D W\SLFDO UDQJH RI NH\ SHUIRUPDQFH
SDUDPHWHUVZLWKLQ WKHGDWDVHW5DPDQVSHFWURVFRS\SURYLGHV WKH ,*,'
UDWLR89YLV1,5VSHFWURVFRS\DOORZVXVWRHVWLPDWHWKHWKLFNQHVVRIWKH
ILOP ZKLFK LV SURSRUWLRQDO WR WKH DEVRUEDQFH DFFRUGLQJ WR WKH %HUU
/DPEHUWODZDQGWKHGLDPHWHUGLVWULEXWLRQWKDWFDQEHUHOLDEO\FDOFXODWHG
LQWKHFDVHRI&2EDVHGSURFHVVIURPWKH9DQ+RYHVLQJXODULWLHVRIWKH
6WUDQVLWLRQ>@>@)LJD7KHWKLFNQHVVRIWKHILOPSURYLGHGE\
89YLV1,5VSHFWURVFRS\FRUUHVSRQGVWRWKH\LHOGDQGDOORZVHQVXUHV
PRUHSUHFLVHYDOLGDWLRQWKDQJUDYLPHWULFVWXGLHVRZLQJWRWKHORZZHLJKW
RIWKLQ6:&71ILOPVZHGHDOLQJZLWK




)LJXUH7\SLFDOGDWDGHVFULELQJ6:&17VD5DPDQVSHFWUDZLWK
D W\SLFDO6(0PLFURSKRWRJUDSKWKH LQVHWE89YLV1,5VSHFWUDZLWK
WKHSKRWRJUDSKLQVHWRIWKH6:&17ILOPVRIGLIIHUHQWWKLFNQHVVHV
 '(6,*12)$1102'(/

6HOIJHRPHWU\RIWKH$11LVEDVHGRQDVHTXHQWLDOPRGHOGHYHORSHG
LQ3\WKRQSURJUDPPLQJODQJXDJHXVLQJWKH.HUDVRSHQVRXUFHQHXUDO
QHWZRUN OLEUDU\:H YDU\ K\SHUSDUDPHWHUVRI WKH$11 WKHQXPEHURI
KLGGHQ OD\HUV QXPEHU RI QRGHV DFWLYDWLRQ IXQFWLRQ RSWLPL]HU EDWFK
VL]H QXPEHU RI WUDLQLQJ HSRFKV DV VKRZQ LQ 7DEOH  WR GHILQH WKH
RSWLPDO$11DUFKLWHFWXUHDQGFRQGLWLRQVSURYLGLQJPLQLPDOHUURUV)RU
VLPSOLILFDWLRQRIWKHWUDLQLQJSURFHVVZHXVHLQGHSHQGHQW$11ZLWKWKH
VDPHNH\LQSXWSDUDPHWHUVDQGVLQJOHRXWSXWVHLWKHUG&17ıGWKH\LHOG
RU,*,'7DEOH6:HXVHWKHPHDQDEVROXWHHUURUVWDQGDUGGHYLDWLRQ
DV D ORVV DQG PHDQ DEVROXWH SHUFHQWDJH HUURU UHODWLYH VWDQGDUG
GHYLDWLRQDVVWDWLVWLFDOFULWHULDIRUWKHDFFXUDF\RIWKH$11SUHGLFWLRQ

)LJXUH6FKHPHIRU WKHGDWDSUHSDUDWLRQDQGSURFHVVLQJ LQ WKH
$11


,QSXW GDWD DUH KDQGOHG LQ WKH IROORZLQJ ZD\ )LJ )LUVW ZH
WUDQVIRUPWKHH[SHULPHQWDOGDWDWHPSHUDWXUHGLVWULEXWLRQJDVIORZUDWHV
DQGUHDFWRUJHRPHWU\LQWRILYHNH\LQSXWSDUDPHWHUVSDUWLDOSUHVVXUHV
RIJDVHRXVFRPSRQHQWVUHVLGHQFHWLPHDQGUHDFWRUWHPSHUDWXUH7KHQ
ZHVKXIIOHWKHVDPSOHVDQGUDQGRPO\VSOLW WKHGDWD LQWRWUDLQLQJ
DQG YDOLGDWLRQ  GDWDVHWV:H REWDLQ WKH LQSXW DV DQ DUUD\ RI Q
GLPHQVLRQDOYHFWRUV>>;«;Q@«>;L«;LQ@@ZKHUHQ LVWKHQXPEHU
RINH\LQSXWSDUDPHWHUVLLVWKHLQGH[QXPEHULQWKHGDWDVHWIURPWR
7KLUG ZH HPSOR\ D FRPPRQ GDWD DXJPHQWDWLRQ >@ WKDW SURYLGHV D
GDWDVHW RI D VL]H DFFHSWDEOH IRU WKH $11 WUDLQLQJ DQG WKHUHE\
VLJQLILFDQWO\ LPSURYHV WKH SUHGLFWLRQ SHUIRUPDQFH WDEOH  (DFK
H[SHULPHQWDOYHFWRUFDQEHWUDQVIRUPHGLQDIDPLO\RIYHFWRUVLQRXU
FDVH E\ QRUPDO UDQGRPL]DWLRQ RI HDFK FRRUGLQDWH ZLWK D GLVSHUVLRQ
ZKLFKLVHTXDOWRWKHVWDQGDUGGHYLDWLRQRIWKHFRUUHVSRQGLQJNH\LQSXW
SDUDPHWHU $V WKH NH\ LQSXW SDUDPHWHUV KDYH  RUGHUV RI PDJQLWXGH
GHYLDWLRQLQSULRUWRIHHGLQJWKHLQSXWQHXURQVWKHGDWDZHUHQRUPDOL]HG
DV; ;;PHDQıZKHUHıLVWKHGLVSHUVLRQRIDSDUDPHWHU

7DEOH+\SHUSDUDPHWHUVIRUGLIIHUHQWWDUJHWV
+\SHUSDUDPHWHUV
7KH$11IRU
WKHPHDQ
GLDPHWHU
7KH$11IRU
WKH<LHOG
7KH$11
IRUWKH
,*,'
7KH$11
IRUWKHıG
1XPEHURIKLGGHQ
OD\HUV    
1XPEHURIQRGV >@
>
@
>
@
>
@
$FWLYDWLRQIXQFWLRQ 5HOX 5HOX 5HOX 5HOX
2SWLPL]HU $GDP $GDP $GDP $GDP
%DWFKVL]H    
1XPEHURIWUDLQLQJ
HSRFKV    
%DWFK
1RUPDOL]DWLRQ    
'URSRXW    
5HOX±5HFWLILHG/LQHDU8QLWXVHGDVDQDFWLYDWLRQIXQFWLRQLQDPDFKLQH
OHDUQLQJDVWDQGDUGFRPSRQHQWRIWKH.HUDVOLEUDU\>@
$GDPLVDQDOJRULWKPIRUWKHILUVWRUGHUJUDGLHQWEDVHGRSWLPL]DWLRQRI
VWRFKDVWLF IXQFWLRQV LQWHJUDWHG LQWR WKH .HUDV OLEUDU\ DV RQH RI WKH
VWDQGDUGIXQFWLRQV>@


:HPDQXDOO\YDU\K\SHUSDUDPHWHUVRIWKH$11WRGHILQHWKHRSWLPDO
$11DUFKLWHFWXUHDQGFRQGLWLRQVSURYLGLQJPLQLPDOHUURUV+RZHYHUWKH
.HUDVOLEUDU\DOVRVXSSRUWVDXWRPDWLFRSWLPL]DWLRQRIK\SHUSDUDPHWHUVDV
µ7HQVRU )ORZ¶ EDFNHQG VXSSRUW*38 FDOFXODWLRQ IRU WKH IDVWHU WUDLQLQJ
SURFHVV
 3(5)250$1&(9$/,'$7,212)$11
7KH$11WUDLQLQJ)LJ7DEOHFDQEHUHSUHVHQWHGDVDVLPSOH
LWHUDWLRQ DOJRULWKP FRQVLVWHG RI D VHW RI HSRFKV IRUZDUGGLUHFW
SURSDJDWLRQ RI LQSXW YHFWRUV WKURXJK WKH $11 LV IROORZHG E\ EDFN
SURSDJDWLRQRIHUURUVHUURUGLVWULEXWLRQIRUWKHQRGVWRFRUUHFWWKHZHLJKWV




)LJXUH(YROXWLRQRIORVVHVRIWKHNH\SHUIRUPDQFHSDUDPHWHUVRI
WKH 6:&17 V\QWKHVLV XVLQJ $11 7KH YDOXHV IRU FRUUHVSRQGLQJ
H[SHULPHQWDODQGSUHGLFWLRQHUURUVDUHDQG,*,'DQG
<LHOGDQGG&17DQGıGUHVSHFWLYHO\



7DEOH  /RVVHV IRU NH\ RXWSXW SDUDPHWHUV FRUUHVSRQGLQJ
H[SHULPHQWDODQGSUHGLFWLRQHUURUVZLWKDQGZLWKRXWGDWDDXJPHQWDWLRQ

:H DFKLHYH WKHPRGHOOLQJ HUURU FRPSDUDEOH ZLWK WKH H[SHULPHQWDO
HUURU EDVHG RQ WKH SDUDPHWHU GLVSHUVLRQ WKURXJKRXW UHSHWLWLYH
H[SHULPHQWV)LJSURYLQJWKHPHWKRGRORJ\SURSRVHG)LJ7DEOH
$IWHUDFHUWDLQQXPEHURIHSRFKVLWHUDWLRQVZHQDWXUDOO\REVHUYHG
WKH FRPPRQ RYHUILWWLQJ E\ WKH $11 WKDW FDQ EH DWWULEXWHG WR WKH
GHVFULSWLRQRIWKHWUDLQLQJGDWDWRRFORVHO\WKDWLWIDLOVWRSURFHVVDGGLWLRQDO
GDWDVHWWHVWLQJGDWDDFFXUDWHO\>@,WLVZRUWKQRWLQJWKDWWKH$11VKRZ
DJRRGSUHGLFWLRQRIWKHH[SHULPHQWDORXWSXWSDUDPHWHUVZKHQFRPSDUHG
WRUHDOYDOXHV)RULQVWDQFHWKHPHDQDEVROXWHSHUFHQWDJHHUURUIRUWKH
GLDPHWHU LV  ZKLFK FRUUHVSRQGV WR WKH $11 DFFXUDF\ RI WKH
SUHGLFWLRQQP7KHDSSURDFKHPSOR\HGFDQEHH[WHQGHGWRWKHRWKHU
SHUIRUPDQFH SDUDPHWHUV RI WKH FROOHFWHG 6:&17 WKLQ ILOPV VKHHW
UHVLVWDQFHOHQJWKGLVWULEXWLRQFKLUDOLW\GLVWULEXWLRQHWF

)LJXUH(VWLPDWLRQRIWKHH[SHULPHQWDOHUURUVWDQGDUGGHYLDWLRQ
EDVHG RQ UHSHWLWLYH H[SHULPHQWV XQGHU WKH VDPH V\QWKHVLV FRQGLWLRQV
6DPSOH5DPDQVSHFWUDZLWKD W\SLFDO6(0PLFURSKRWRJUDSK D
89YLV1,5VSHFWUDE
.H\
RXWSXW
SDUDPHWHU
([SHULPHQWDO
HUURU
3UHGLFWLRQZLWK
GDWD
DXJPHQWDWLRQ
3UHGLFWLRQ
ZLWKRXWGDWD
DXJPHQWDWLRQ
,*,'   
<LHOG   
G&17   
ıG   


7KXV IRU WKH ILUVW WLPH ZH HPSOR\ WKH DUWLILFLDO QHXUDO QHWZRUN
PHWKRGRORJ\IRUWKHV\QWKHVLVRI6:&17V8VLQJUHODWLYHO\VPDOOVHWRI
WUDLQLQJGDWDSRLQWVZHDFKLHYHDJRRGDJUHHPHQWEHWZHHQWKHNH\
LQSXWSDUDPHWHUVRIWKHQDQRWXEHJURZWKSDUWLDOSUHVVXUHVRI&2&2
WKH FDWDO\VW SUHFXUVRU DVZHOO DV WKH UHVLGHQFH WLPH DQG WKH UHDFWLRQ
WHPSHUDWXUHDQGWKHSUHGLFWLRQRIWKHNH\SHUIRUPDQFHFKDUDFWHULVWLFVRI
WKH 6:&17 V\QWKHVLV WKH \LHOG PHDQ DQG VWDQGDUG GHYLDWLRQ RI
QDQRWXEH GLDPHWHU GLVWULEXWLRQ ,*,' LQWHQVLW\ UDWLR RI5DPDQ VSHFWUD
7KXV WKH UHVXOWV REWDLQHG MXVWLI\ IXUWKHU VWXGLHV :H EHOLHYH WKLV
PHWKRGRORJ\LVWRSURYLGHDIDFLOHUHVRXUFHHIILFLHQWSDWKIRUSURFHVVLQJ
DQGFROOHFWLQJWKHFRPSUHKHQVLYHGDWD0RUHRYHULWPDNHVSRVVLEOHWR
UHYHDO KLGGHQGHSHQGHQFLHV LQ WKH FDVH RIPXOWLSOH LQSXW SDUDPHWHUV
+RZHYHUVXFKUHVXOWVDUHWKHVXEMHFWRIRXUIXWXUHUHVHDUFK7KH$11
HPSOR\PHQWZLWKLQWKHWKHVLVSURYLGHVDVLPSOHURXWHIRUWKHV\QWKHVLVRI
6:&17VZLWKSUHGHILQHGSURSHUWLHV
 


 /$6(575($70(172)6:&17),/06

7KH RSWRHOHFWURQLF SHUIRUPDQFH RI WKLQ 6:&17 ILOPV LV PDLQO\
DIIHFWHGE\WKHWUDQVPLWWDQFHDQGFRQGXFWLYLW\+RZHYHUDQLQFUHDVHRI
WKH WUDQVPLWWDQFH XVXDOO\ LQHYLWDEO\ \LHOGV WR D GHFUHDVH LQ WKH
FRQGXFWLYLW\7KHSUREOHPLVJHQHUDOO\DGGUHVVHGE\DPRGLILFDWLRQRIWKH
6:&17 ILOPV HLWKHU E\ SDWWHUQLQJ >@ RU E\ FKHPLFDO GRSLQJ
K\EULGL]DWLRQZLWKRWKHUPDWHULDOV>@WRJHWKLJK75UDWLR>@7KH
FKHPLFDOGRSLQJ LVVKRZQ WREHRQHRI WKHPRVWHIILFLHQWDOORZLQJ WKH
GHFUHDVHRI WKHVKHHW UHVLVWDQFHRI WKH&17 ILOPV+RZHYHU WKH\VWLOO
UHTXLUHIXUWKHULPSURYHPHQWWRUHDFKWKHSHUIRUPDQFHRIWKH,72:KLOH
WKH FKHPLFDO GRSLQJ WDUJHWV WKH UHVLVWDQFH RI WKH &17 ILOPV WKH
WUDQVPLWWDQFH FDQ EH LPSURYHG E\ WKH ILOP SDWWHUQLQJ +RZHYHU IRU D
FRQWLQXRXV6:&17ILOPWKHLPSURYHPHQWRIWKHWUDQVPLWWDQFHZLWKRXW
UDGLFDO FKDQJHV LQ WKH UHVLVWDQFH FRXOG EH UHDOL]HG E\ UHPRYDO RI
LPSXULWLHVIURPWKHQDQRWXEHVZKLFKDUHRIWHQUHSUHVHQWHGLQWKHIRUPRI
E\SURGXFWV OLNH DPRUSKRXV FDUERQ DQG FDWDO\VW SDUWLFOHV DQG PLJKW
FRQWULEXWH WR WKH OLJKW DEVRUSWLRQ E\ WKH 6:&17 ILOPV 6\QWKHVL]HG
QDQRWXEHVUHPDLQDWWDFKHGWRWKHFDWDO\VWSDUWLFOHVEHLQJWUDSSHGLQWKH
FDUERQVKHOO7KHOLJKWDEVRUSWLRQRIWKHFDWDO\VWSDUWLFOHVOLNHPHWDOOLF)H
SDUWLFOHVLQIOXHQFHVWKHRYHUDOO6:&17ILOPWUDQVPLWWDQFH
,Q WKLV FKDSWHU ZH KDYH GHYHORSHG DPHWKRG EDVHG RQ WKH ODVHU
LUUDGLDWLRQ RI 6:&17 ILOPV WR PLQLPL]H WKH HIIHFW RI WKH XQGHVLUHG
E\SURGXFWVDQGWKHUHIRUHWRLPSURYHWKHLURSWLFDOSURSHUWLHV*HQHUDOO\
WKHODVHUWUHDWPHQWKDVEHHQDOUHDG\XVHGWRFKDQJHWKH&17VWUXFWXUH
PDLQO\ GULYHQ E\ WKH UDSLG LQFUHDVHRI WKH ILOP WHPSHUDWXUH XQGHU WKH
LQGXFHGHQHUJ\/RZSRZHUGHQVLW\UDGLDWLRQVWLPXODWHVVRPHFKDQJHV
DW GHIHFW VLWHVRI WKH&17VZKLFKRUGLQDULO\ UHPDLQXQGDPDJHG$WD
KLJKHU SRZHU GHQVLW\ WKH QDQRWXEHV DUH WUDQVIRUPHG LQWR GLIIHUHQW
QDQRFDUERQIRUPV0RUHRYHU ODVHU WUHDWPHQWDVDVFDODEOH ³GU\´DQG
ORFDOPHWKRGFRXOGEHEHQHILFLDOIRUWKHLPSURYHPHQWRIHOHFWULFDOFRQWDFW
UHVLVWDQFHDWFDUERQQDQRWXEHPHWDOLQWHUIDFHUHSRUWHGDVODVHUDVVLVWHG
QDQRZHOGLQJ



)LJXUH6FKHPDWLFSUHVHQWDWLRQRIWKHODVHUWUHDWPHQWRI6:&17
ILOPVRQD300$VXEVWUDWH
7KHWUHDWPHQWRI WKH6:&17ILOPVZDVFRQGXFWHGE\DFRQWLQXRXV
ZDYHODVHUZLWKDZDYHOHQJWKRIQP7KHGLDPHWHURIWKHODVHUVSRW
ZDVDERXWP'HSHQGLQJRQWKHILOPDEVRUSWLRQZHYDULHGWKHODVHU
SRZHUDQG WKHH[SRVXUH WLPH WR ILQG RSWLPDO SDUDPHWHUVZKLFKZRXOG
DOORZXVWRDSSO\WKHPD[LPXPSRZHUSUHVHUYLQJWKHSRO\PHULFVXEVWUDWH
7KHODVHUWUHDWPHQWZDVFRQGXFWHGLQWKHSRZHUGHQVLW\UDQJHIURP
WRN:FPZLWKDVSRWH[SRVXUHWLPHYDULHGIURPWRV
7KH RSWLPL]HG YDOXHVXVHG IRU WKH WUHDWPHQWZHUH UHFDOFXODWHG WR WKH
HQHUJLHVDQGN-FPUHVSHFWLYHO\DSSOLHGWRWUHDW
WKHILOPVZLWKWKLFNQHVVHVRIQPDQGQP
7KHRSWLFDOLPDJHRIWKH6:&17ILOPWUHDWHGE\DODVHULVSUHVHQWHG
LQ)LJD7KHUHVXOWVVKRZDFOHDUGLIIHUHQFHEHWZHHQWUHDWHGDQG
XQWUHDWHGILOPDUHDV7KHWUHDWPHQWDIIHFWVWKHRSWLFDOFKDUDFWHULVWLFVRI
WKH6:&17ILOP LQSDUWLFXODU WKHWUHDWHGDUHDLVPRUHWUDQVSDUHQW$W
WKHVDPHWLPH6(0UHVXOWVLQGLFDWHWKHDEVHQFHRIVLJQLILFDQWFKDQJHV
LQ WKH ILOP PRUSKRORJ\ DIWHU ODVHU WUHDWPHQW ZKHQ FRPSDUHG WR WKH
XQWUHDWHG ILOP )LJE%\$)0VWXGLHVZHGHPRQVWUDWH WKDWERWK
WUHDWHGDQGXQWUHDWHG6:&17ILOPVDSSHDUWREHPRUSKRORJLFDOO\DOPRVW
WKHVDPH+RZHYHUWKHRYHUDOOKHLJKWGLIIHUHQFHLVDERXWORZHUIRU
WKH SURFHVVHG ILOPV ZKLFK LQGLFDWH WKDW WKH LUUDGLDWHG ILOPV DUHPRUH
IODWWHQHGRUGHQVLILHG)LJFG



)LJXUH2SWLFDORYHUYLHZDQGPRUSKRORJ\HYDOXDWLRQRISULVWLQH
DQGODVHUWUHDWHGN-FPQP6:&17ILOPVSODFHGRQD300$
VXEVWUDWH DRSWLFDO PLFURVFRS\ LPDJH E6(0 PLFURJUDSKV
$)0WRSRJUDSK\LPDJHVRIFSULVWLQHDQGGODVHUWUHDWHGDUHDV[
P
,Q RUGHU WR HYDOXDWH WKH LQIOXHQFH RI WKH ODVHU WUHDWPHQW RQ WKH
VWUXFWXUH RI WKH 6:&17V ZH KDYH UHFRUGHG 5DPDQ VSHFWUD RI WKH
SULVWLQH DQG WUHDWHG 6:ɋ17 ILOPV )LJ  *' UDWLR RI WKH SHDN
LQWHQVLWLHVFKDQJHVLQVLJQLILFDQWO\IURPWR5%0VRIWKHWUHDWHG
VDPSOHLVVKDSHLGHQWLFDOWRWKH5%0VRIWKHSULVWLQHRQHZKLFKFRQILUPV
WKHPDWHULDOFRPSRVLWLRQLHWXEHGLDPHWHUVWREHYLUWXDOO\XQFKDQJHG
7KXV WKH VKRUWWHUPH[SRVXUH RI WKH ODVHU UDGLDWLRQ RQ6:&17 ILOPV
SRVLWLRQHGRQWKH300$VXEVWUDWHGRHVQRWKDYHDJUHDWHIIHFWRQWKH
VWUXFWXUHRIWKH6:&17VFRPSRVLQJWKHILOP


 
)LJXUH6KHHWUHVLVWDQFHYHUVXVWKLFNQHVVRIWKH6:&17300$
VDPSOHVRIWKHSULVWLQHWULDQJOHDQGWKHWUHDWHGILOPVFLUFOHV
:H KDYH HYDOXDWHG WKH VKHHW UHVLVWDQFH DQG WUDQVPLWWDQFH RI WKH
SULVWLQHDQGWKHWUHDWHG6:&17VILOPVGHSHQGLQJRQWKHILOPWKLFNQHVV
/DVHUWUHDWPHQWUHVXOWVLQ6:&17ILOPVZLWKLQFUHDVHGWUDQVPLWWDQFHXS
WR  $W WKH VDPH WLPH WKH VKHHW UHVLVWDQFH FKDQJHV DUH QRW
SURQRXQFHGDQGDUHZLWKLQWKHDFFXUDF\RIWKHHVWLPDWLRQ
7R IXUWKHU H[DPLQH DQG FRPSDUH WKH FKHPLFDO FRPSRVLWLRQ RI WKH
SULVWLQHDQGWKHODVHUWUHDWHGILOPVZHKDYHVWXGLHGWKH;36VSHFWUD:H
KDYHREVHUYHG7DEOHDQLQFUHDVHDQGDVOLJKWVKLIWWRZDUGVKLJKHU




ELQGLQJHQHUJLHVRI)HR[LGHSHDNVLQWKHFDVHRIWKHWUHDWHGILOPZKLOH
WKHSHDNRIPHWDOOLFLURQUHGXFHVFRQILUPLQJWKHR[LGDWLRQRILURQSDUWLFOHV
>@$OWKRXJKR[LGL]HG)HLVLGHQWLILHGHYHQLQWKHSULVWLQHILOPDSSHDUHG
IROORZLQJ R[LGDWLRQ RI LQDFWLYH FDWDO\VW SDUWLFOHV LWV FRQFHQWUDWLRQ
LQFUHDVHV LQ WKH WUHDWHG ILOPV ;36 VSHFWUXP RI R[\JHQ LQGLFDWHV WKH
DGVRUEHG R[\JHQ RU & 2 ERQG WKH R[\JHQ FKHPLFDOO\ ERQGHG WR
FDUERQ&2DQG2)HERQG
7DEOH7RWDODWRPLFFRQFHQWUDWLRQRI&2DQG)HRIWKHSULVWLQH
DQGWKHWUHDWHGN-FP6:&17VILOPQPSODFHGRYHURQWR
SRO\PHULFVXEVWUDWH







7DEOH  6KHHW UHVLVWDQFH DQG HTXLYDOHQW VKHHW UHVLVWDQFH RI
SULVWLQHDQGWUHDWHG6:&17VQPN-FPSODFHGRYHURQWR
SRO\PHULFVXEVWUDWHGHSHQGLQJRQWKHILOPWKLFNQHVV

7KXVZHKDYHGHYHORSHGDWHFKQLTXHIRULPSURYLQJWKHRSWRHOHFWURQLF
SHUIRUPDQFH WDEOH  RI 6:&17 ILOPV 7KH ODVHU WUHDWPHQW KDV QR
VLJQLILFDQWHIIHFWRQWKH6:&17VWUXFWXUHDQGWKHUHE\RQFRQGXFWLYLW\
ZKLOH ODVHULQGXFHG R[LGDWLRQ RI WKH )H FDWDO\VW SDUWLFOHV OHDGV WR DQ
LQFUHDVHLQWUDQVPLWWDQFHWRDWQP 
6DPSOH 3ULVWLQH 7UHDWHG
&DW  
27RWDODW  
)H7RWDODW  
)H[2\DW  
)H[2\)H7RWDO  
6:&17ILOPWKLFNQHVVQP     
5H2KPVTSULVWLQH     
5H2KPVTWUHDWHG     


 $33/,&$7,2162)7+,1),/06
 %2/20(7(56

,QIUDUHG,5GHWHFWRUVSOD\DQLPSRUWDQWUROHLQPRGHUQWHFKQRORJLHV
DQG DUH ZLGHO\ XVHG LQ YDULRXV ILHOGV LQFOXGLQJ PLOLWDU\ DSSOLFDWLRQV
3KRWRQLFDQGWKHUPDOGHWHFWRUVDUHWZRPDLQW\SHVRI,5GHWHFWRUVZKLFK
DUHFXUUHQWO\HPSOR\HG,QSKRWRQLFGHWHFWRUVUDGLDWLRQLVDEVRUEHGE\
WKH PDWHULDO DV D UHVXOW RI GLUHFW LQWHUDFWLRQ RI SKRWRQV ZLWK FKDUJH
FDUULHUV 7KHVH GHWHFWRUV LQFOXGH SKRWRYROWDLF DQG SKRWRHPLVVLRQ
GHWHFWRUVSKRWRFRQGXFWLYHGHWHFWRUVTXDQWXPZHOOGHWHFWRUVHWF
,Q WKHUPDOGHWHFWRUV LQFLGHQW UDGLDWLRQ LVDEVRUEHGE\ WKHPDWHULDO
ZKLFK OHDGV WR D WHPSHUDWXUH ULVH DQG D VXEVHTXHQW FKDQJH LQ VRPH
SK\VLFDO SURSHUWLHVRI WKHPDWHULDO VXFKDV UHVLVWDQFH8QOLNH WKHUPDO
GHWHFWRUV SKRWRQ GHWHFWRUV H[KLELW ZDYHOHQJWKVHOHFWLYH VHQVLWLYLW\
EHWWHUVLJQDOWRQRLVHUDWLRDQGKLJKUHVSRQVHWLPH7KHDGYDQWDJHVRI
WKHUPDO GHWHFWRUV DUH WKH VLPSOLFLW\ RI WKH GHVLJQ DQG WKH DEVHQFH RI
QHFHVVLW\ LQ FU\RJHQLF FRROLQJ ZKLFK VLJQLILFDQWO\ UHGXFHV HQHUJ\
FRQVXPSWLRQDQGFRVWRIWKLVW\SHRIGHYLFHVPDNLQJWKHPPRVWFRPPRQ
IRUFLYLODSSOLFDWLRQV>@±>@
7KHVHDUFKIRUQHZVHQVRUPDWHULDOVIRU ,5GHWHFWRUV LVVWLOOXUJHQW
2YHU WKH SDVW WHQ \HDUV FDUERQ QDQRWXEHV KDYH EHHQ XVHG LQ WKH
GHYHORSPHQWRIGHWHFWRUVEDVHGRQGLIIHUHQWPHFKDQLVPVRIFRQGXFWLYLW\
YDULDWLRQGXHWRHOHFWURPDJQHWLFUDGLDWLRQ>@
)XUWKHU VWXGLHV RI WKH &17 ERORPHWHU GHYHORSPHQW KDYH EHHQ
FRQGXFWHGPDLQO\LQWZRGLUHFWLRQV7KHILUVWGLUHFWLRQUHSUHVHQWVWKHXVH
RIWKLQVXVSHQGHGILOPVRISULVWLQHQDQRWXEHV>@ZKLOHWKHVHFRQGRQH
DVVXPHVWKHGHYHORSPHQWRIDERORPHWULFVHQVRUEDVHGRQDFRPSRVLWH
RIYDULRXVSRO\PHUVDQGQDQRWXEHV>@±>@
&DUERQ QDQRWXEHV KDYH D QXPEHU RI SURSHUWLHV WKDW DOORZ RQH WR
FRQVLGHU WKHP DV D SURPLVLQJ ERORPHWULF VHQVRU 7KH\ KDYH D ORZ
WKHUPDOFDSDFLW\KLJKWKHUPDOFRQGXFWLYLW\DQGKLJKVWUHQJWK0RUHRYHU
WKH XVH RI YDULRXV FKHPLFDO DQG SK\VLFDO PHWKRGV IRU QDQRWXEH
PRGLILFDWLRQ PDNHV LW SRVVLEOH WR YDU\ WKHLU RSWLFDO DQG HOHFWULFDO


SURSHUWLHV RYHU DZLGH UDQJH LQ WKHSUHVHQW UHVHDUFK WKH VWXGLHG ,5
DEVRUSWLRQ UDQJH LV  ȝP 7KH YROWDJH VHQVLWLYLW\ RI D ERORPHWULF
HOHPHQWLVGHWHUPLQHGE\WKHH[SUHVVLRQ>@
ܴ௩ ൌ ܫܴߙܴ௧௛ߝ
ZKHUH ܴ௧௛ ൌ ܩ௧௛ିଵLV WKHUPDO UHVLVWDQFH ܩ௧௛ LV WKHUPDO FRQGXFWLYLW\
EHWZHHQ D VHQVRU DQG D VXEVWUDWH ߝ LV WKH FRHIILFLHQW RI ,5 UDGLDWLRQ
DEVRUSWLRQߙ ൌ ܴିଵ ௗோௗ்LVWKHWHPSHUDWXUHFRHIILFLHQWRIUHVLVWDQFHܴLV
WKHVHQVRUUHVLVWDQFHDQGܫLVWKHFXUUHQWWKURXJKWKHVHQVRU7KXVWKH
KLJKHUWKHFRHIILFLHQWVߙDQGߝDQGWKHORZHUWKHWKHUPDOFRQGXFWLYLW\WKH
KLJKHU WKH GHWHFWRU VHQVLWLYLW\ 2Q WKH RWKHU KDQG WKH ERORPHWHU
RSHUDWLQJVSHHGLVGHWHUPLQHGE\DFKDUDFWHULVWLFUHVSRQVHWLPHRIWKH
VHQVRUWRWKHFKDQJHLQLUUDGLDQFH
߬ ൌ ܥȀܩ௧௛
ZKHUHܥLVWKHKHDWFDSDFLW\RIWKHDEVRUEHUDQGVHQVRU&RQVHTXHQWO\
WKHORZHUWKHVHQVRUVKHDWFDSDFLW\WKHIDVWHULWUHDFWVWRFKDQJHVLQWKH
LQWHQVLW\RI,5UDGLDWLRQ

)LJXUH%RORPHWHUGHYLFHVEDVHGRQIUHHVWDQGLQJ6:&17ILOPV
,QWKLVFKDSWHUZHH[DPLQHERORPHWULFFKDUDFWHULVWLFVDQGSDUDPHWHUV
RISULVWLQH6:&17 ILOPV VXVSHQGHGRYHU WKHKROH7KLV DOORZHGXV WR
GHVLJQDERORPHWHUZLWKDXQLTXHVSHHGRIUHVSRQVHSDUDPHWHUVRZLQJ
WR WKH ORZKHDW FDSDFLW\RI WKHVHQVRU ILOP WKLFNQHVVaQPDQG WR
LQFUHDVHLWVVHQVLWLYLW\GXHWRWKHORZWKHUPDOFRQGXFWLYLW\EHWZHHQWKH
VHQVRU DQG VXEVWUDWH )LJ  VKRZV WKH PDLQ FKDUDFWHULVWLFV RI WKH
VDPSOHV


0RUHSUHFLVHFRQFOXVLRQVRQWKHERORPHWHUHIILFLHQF\FDQEHGHULYHG
LQ DFFRUGDQFHZLWK WKH DEVROXWH YROWDJH VHQVLWLYLW\ WLPH FRQVWDQW DQG
QRLVHHTXLYDOHQWSRZHU1(37KHVHPHDVXUHPHQWVZHUHFDUULHGRXWDW
URRPWHPSHUDWXUHDQGDSUHVVXUHRIPEDU7KHZDYHIRUPUHVSRQVHWR
WKH PRGXODWHG UDGLDWLRQ UHSUHVHQWV D WUDLQ RI UHFWDQJXODU SXOVHV %\
PHDVXULQJWKHVDPSOHUHVSRQVHVSHHGWRVZLWFKLQJRQRIIODVHUUDGLDWLRQ
DWDSUHVVXUHRIPEDUDQGURRPWHPSHUDWXUHDWLPHFRQVWDQWRIPV
ZDVREWDLQHG
)LJXUH'HPRQVWUDWLRQRIYROWDJHVHQVLWLYLW\DQG UHVSRQVH WLPH
IURPHQYLURQPHQWDOWHPSHUDWXUHDQGSUHVVXUH
2EYLRXVO\ ZLWK GHFUHDVLQJ SUHVVXUH WKH WLPH FRQVWDQW ZKLFK LV
LQYHUVHO\ SURSRUWLRQDO WR WKH WKHUPDO FRQGXFWLYLW\ LQFUHDVHV 7KLV LV
DFWXDOO\ REVHUYHG DW SUHVVXUHV EHORZ  ± PEDU WKH WLPH FRQVWDQW
XQGHU KLJK YDFXXP LQFUHDVHV  ±  WLPHV 2Q WKH RWKHU KDQG WKH
VDPSOHUHVSRQVHWLPHVKDUSO\HQODUJHVDWSUHVVXUHVDERYHPEDU
$SSDUHQWO\ WKLV UHIOHFWV WKH LQIOXHQFHRI WKH OD\HURIDLU WR WKH WKHUPDO
FDSDFLW\RIWKHV\VWHP7KHLUUDGLDWHGVDPSOHKHDWVWKHDGMDFHQWOD\HURI
DLUWKHWKHUPDOFRQGXFWLYLW\RIZKLFKLVORZ$VDUHVXOWWKHVDPSOHUHDFWV
VORZO\WRWKHFKDQJHVLQLUUDGLDWLRQ


7KXVFRQFHUQLQJWKHUHVSRQVHWLPHWKHSUHVVXUHUDQJHIURP±
±EDULVRSWLPDOIRUDERORPHWHURIWKLVW\SHHYHQWKRXJKWKHVHQVLWLYLW\
LVEHWWHUDWORZHUSUHVVXUHV$OVRDKLJKYDFXXPLVWHFKQRORJLFDOO\PRUH
GLIILFXOWWRPDLQWDLQ
7KH VHQVLWLYLW\ GURSV VLJQLILFDQWO\ ZLWK ORZHULQJ WKH VDPSOH
WHPSHUDWXUH 7KLV PD\ EH VWLSXODWHG IRU VHYHUDO UHDVRQV )LUVW ZLWK
GHFUHDVLQJ WHPSHUDWXUH WKH WHPSHUDWXUH FRHIILFLHQW RI WKH VDPSOH
UHVLVWDQFHDOVRGHFUHDVHV6HFRQGO\GXHWRWKHIDFWWKDWWKH6:&17V
ZHKDYHXVHGWRKDYHWKHPHWDOOLFQDWXUHRIWKHUHVLVWDQFHGHSHQGHQFH
RQWHPSHUDWXUH)LJWKHVDPSOHUHVLVWDQFHGHFUHDVHVVHYHUDOWLPHV
GRZQWROLTXLGQLWURJHQWHPSHUDWXUH,W LVDOVRSRVVLEOHWKDWWKHWKHUPDO
FRQGXFWLYLW\RIWKHVDPSOHJURZVZLWKFRROLQJ7KHODWWHUDVVXPSWLRQLV
FRQILUPHG E\ WKH WHPSHUDWXUH GHSHQGHQFH RI WKH WLPH FRQVWDQW $
GHFUHDVH LQ WHPSHUDWXUH IURP & WR ±& LQFUHDVHV WZLFH WKH
VDPSOH UHVSRQVH WLPH 7KH QRLVH HTXLYDOHQW SRZHU LQFUHDVHV ZLWK
GHFUHDVLQJ WHPSHUDWXUH ZKLFK LV DVVRFLDWHG ZLWK D UHGXFWLRQ LQ WKH
VDPSOHVHQVLWLYLW\7KXV WKH1(3LQFUHDVHVRQO\ILYHIROGZKHUHDV WKH
VLJQDO OHYHO IDOOVQLQH WLPHV2EYLRXVO\ WKLV LVEHFDXVH WKH WRWDOQRLVH
OHYHODQGWKHWHPSHUDWXUHUHODWHGUHVLVWDQFHDOVRGHFUHDVHZLWKORZHULQJ
WHPSHUDWXUH)URPWKLVZHPD\FRQFOXGHWKDWWKHDGGLWLRQDOFRROLQJRI
WKH ERORPHWHU EDVHG RQ WKH QDQRWXEHV ZH KDYH XVHG LQ WKLV ZRUN LV
LQDGYLVDEOH GXH WR D VWURQJ UHGXFWLRQ LQ VHQVLWLYLW\ ZKLOH FRROLQJ 7KH
VHQVRUV PDGH RI QDQRWXEHV ZLWK VHPLFRQGXFWRU SURSHUWLHV FDQ KDYH
GLIIHUHQW QDWXUH RI WKH WHPSHUDWXUH VHQVLWLYLW\ GHSHQGHQFH GXH WR DQ
LQFUHDVH LQ WKH WHPSHUDWXUH FRHIILFLHQW RI UHVLVWDQFH DW OLTXLG QLWURJHQ
WHPSHUDWXUHV



)LJXUH  7HPSHUDWXUH GHSHQGHQFH RI WKH VKHHW UHVLVWDQFH RI
6:&17ILOPV
7KXVDERORPHWULFVHQVRUEDVHGRQIUHHVWDQGLQJWKLQ6:&17ILOP
ZDV VKRZQ WR SRVVHVV D VPDOO UHVSRQVH WLPH RI  PV DW URRP
WHPSHUDWXUHDQGPEDUSUHVVXUH7KLVLVVHYHUDOWLPHVEHWWHUWKDQWKH
UHVSRQVHWLPHRIFRUUHVSRQGLQJFRPPHUFLDOERORPHWHUV0RUHRYHUWKH
UHVSRQVHWLPHPD\EHUHGXFHGXSWRPVDWWKHWHPSHUDWXUH±&
 6$785$%/($%625%(56

6LQFH ODVW GHFDGH SXOVH ILEHU ODVHUV KDYH SURYHQ WR EH D UHOLDEOH
VRXUFH IRU DSSOLFDWLRQV LQ PHGLFLQH RSWLFDO WRPRJUDSK\ DQG
VSHFWURVFRS\DQGPDWHULDOSURFHVVLQJ6DWXUDEOHDEVRUEHUV6$VSOD\
DFUXFLDOUROHLQWKHSDVVLYHSXOVHJHQHUDWLRQRIWKHILEHUODVHUV,IDZDYH
WUDLQSURSRJDWHVWKURXJKD6$WKHQVKRUWHQLQJRIWKHSXOVHGXUDWLRQLV
REVHUYHG EHFDXVHRI VWURQJ QRQOLQHDU DEVRUSWLRQ ORZ LQWHQVLW\ RI WKH
ZDYHWUDLQH[KLELWVKLJKHUDEVRUSWLRQFRPSDUHGWRKLJKLQWHQVLW\RQHV
,Q WKLV FDVH 6:&17 HOHFWURQLF VWUXFWXUH ZLWK YDQ +RYH VLQJXODULWLHV
FRXOGEHFRQVLGHUHGDVDFODVVLFDOWZROHYHOV\VWHPIDYRUDEOHIRUWKH6$
RSHUDWLRQª
1RZDGD\V WKHUH LV D QXPEHU RI QRYHO PDWHULDOV WKDW KDYH EHHQ
WKRURXJKO\ LQYHVWLJDWHG DV DQ DOWHUQDWLYH RI D VWDQGDUG 6(6$0
6HPLFRQGXFWRU6DWXUDEOH$EVRUEHU0LUURU IRUDQXOWUDIDVWILEHURSWLFV
    
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
JUDSKHQH>@>@EODFNSKRVSKRURXV>@>@WRSRORJLFDOLQVXODWRUV
>@DQGWUDQVLWLRQPHWDOGLFKDOFRJHQLGHV0R6>@0R6H>@HWF
,Q SDUDOOHO FDUERQ QDQRWXEHV KDYH EHHQ ZLGHO\ H[SORUHG DQG
GHPRQVWUDWHGWRSURYLGHDJRRGSHUIRUPDQFHEHFDXVHRIWKHLUH[FHOOHQW
SURSHUWLHVVXFKDVZLGHEDQGRSHUDWLRQIDVWUHFRYHU\WLPHDQGVWDELOLW\
>@7KHILUVWSXOVHGILEHUODVHUEDVHGRQD6:&17VDWXUDEOHDEVRUEHU
ZLWKPRGHORFNHG SXOVHVZDV GHPRQVWUDWHG LQ  >@ ,W LV ZRUWK
PHQWLRQLQJ WKDW  IVORQJ PRGHORFN SXOVH JHQHUDWLRQ KDV EHHQ
DFKLHYHGZLWKDFDUERQQDQRWXEHVDWXUDEOHDEVRUEHU>@ZKLFKLVFORVH
WRWKHZRUOGUHFRUGRIIVSXOVHJHQHUDWLRQLQHUELXPGRSHGILEHUODVHUV
>@7KHPRVWZLGHO\XVHGDSSURDFK LPSOLHV6$EDVHGRQ6:&17V
6:&176$ LQ WKH IRUPRIDQ6:&17SRO\PHUFRPSRVLWH+RZHYHU
ZKHQ FRPSDUHG WR 6:&17 ILOPV WKH SRO\PHU PLJKW VXEVWDQWLDOO\
GHFUHDVH WKH VWDELOLW\ RI 6:&176$ GXH WR ORZHU WKHUPDO GDPDJH
WKUHVKROGRISRO\PHUVFRPSDUHGWR6:&17V>@±>@,QWKLVFKDSWHU
WKLQILOPRI6:&17VZDVGLUHFWO\GHSRVLWHG>@>@RQWKHILEHUIHUUXOH
WRZRUNLQWKHHUELXPDQGELVPXWKDOOILEHUODVHUVFKHPH,QRUGHUWRDYRLG
WKHGDPDJHRI6:&17VWKHODVHUSRZHULVOLPLWHGZHDWWDFK6$RQD
VLGHSROLVKHG RU WDSHUHG ILEHU >@ >@±>@ VR WKDW RQO\ WKH
HYDQHVFHQWWDLORIWKHOLJKWSURSDJDWLQJWKURXJKWKHILEHULQWHUDFWVZLWK
WKH6:&17V7KLVPHWKRGGUDPDWLFDOO\LQFUHDVHVWKHOLPLWRIWKHRXWSXW
ODVHUSRZHUXSWRKXQGUHGVRIP:

)LJXUH3ULQFLSOHVFKHPHRI6:&176$
7KHGLDPHWHUGLVWULEXWLRQRI6:&17VZDVDGMXVWHGIRUWKHDEVRUSWLRQ
SHDNILWWRWKHHPLVVLRQOLQHRIWKHHUELXPGRSHGILEHUODVHUQP



)LJXUH$EVRUEDQFHVSHFWUDRI6:&17XVHGIRU6$
'VKDSHILEHUVDUHSURGXFHGE\3KRHQL[3KRWRQLFVZLWKDVWDQGDUG
VLQJOHPRGH ILEHU 60) ZLWK D  PP VLGHSROLVKHG UHJLRQ ,W
FRUUHVSRQGLQJO\KDVLQVHUWLRQORVVHVRIDQGG%ZLWKDLUDQGLQGH[
PDWFKHGRLOZLWKWKHUHIUDFWLYHLQGH[RI7RGHSRVLW6:&17VIURPWKH
ILOWHURQWRWKH'VKDSHILEHUZHXVHWKHGU\WUDQVIHUWHFKQLTXH6:&17V
FROOHFWHGRQWKHILOWHUDUHVLPSO\WUDQVIHUUHGE\SUHVVLQJWRZDUGVWKH'
VKDSHILEHUVXUIDFH)LJ7KHZHDNDGKHVLRQRIWKH6:&17ILOPVWR
WKH QLWURFHOOXORVH ILOWHU DQG WKH VWURQJ DGKHVLRQ WR WKH TXDUW] HQVXUH
QDQRWXEHV VWLFN WR WKH 'VKDSH ILEHU VXUIDFH 7KH DEVRUSWLRQ RI WKH
VDWXUDEOHDEVRUEHUFDQEHFRQWUROOHGE\WKHWKLFNQHVVDQGWKHOHQJWKRI
WKHGHSRVLWHG6:&17ILOP




)LJXUH6FKHPDWLF YLHZRI WKH6:&17GHSRVLWLRQRQWR WKH'
VKDSHILEHUXVLQJWKHGU\WUDQVIHUWHFKQLTXHDILOWHUZLWKWKHFROOHFWHG
6:&17V DSSURDFKHV DQG EHLQJ SUHVVHG WR WKH 'VKDSH ILEHU E
6:&17VGHSRVLWHGRQWRWKH'VKDSHILEHU

7R WHVW WKHVDWXUDEOHDEVRUEHUZH LPSOHPHQW LW LQWR WKH ULQJFDYLW\
ILEHU ODVHU ZLWK UHODWLYHO\ VKRUW UHVRQDWRU RSWLPL]HG IRU D VWDEOH ODVHU
JHQHUDWLRQ :H XVH  PHWHUV KLJKO\ GRSHG HUELXP ILEHU ZLWK D
GLVSHUVLRQ RI  SV DW  QP VKRZQ LQ )LJ  7KH ODVHU LV
SXPSHGE\DGLRGHODVHUDWQPZLWKDPD[LPXPRXWSXWSRZHURI
P: ,W LV IROORZHG E\ SRODUL]DWLRQ LQVHQVLWLYH LVRODWRU D SRODUL]DWLRQ
FRQWUROOHUDVDPSOHDQGDRXWSXWFRXSOHU7KHWRWDOOHQJWKRIWKH
UHVRQDWRU LV  P DQG WKH QHW GLVSHUVLRQ LV  SV DQRPDORXV
GLVSHUVLRQ

)LJXUH([SHULPHQWDOVHWXSIRUPHDVXUHPHQWVRIDSRODUL]DWLRQ
GHSHQGHG ORVVHV 3'/ RI WKH6:&176$RQ D'VKDSH ILEHUZLWK D
URWDWLQJSRODUL]HUEVDPSOHQRQOLQHDUWUDQVPLWWDQFH


)RUD VDWXUDEOHDEVRUEHURQD VLGHSROLVKHG ILEHU WKH URWDWLRQRID
SRODUL]DWLRQ FRQWUROOHU FDQ VZLWFK ODVHU JHQHUDWLRQ EHWZHHQ GLIIHUHQW
SXOVHUHJLPHV>@)XUWKHUZHGHPRQVWUDWHWKH4VZLWFKHGUHJLPHDQG
KDUPRQLFPRGHORFN +0/JHQHUDWLRQREWDLQHGE\SURSHUSRODUL]DWLRQ
FRQWUROOHUDGMXVWPHQW:HEHOLHYHWKDWWKHSRODUL]DWLRQFRQWUROOHUURWDWLRQ
FKDQJHVWKHOLQHDUDQGQRQOLQHDUORVVDPSOLWXGHVUHVXOWLQJLQVZLWFKLQJ
EHWZHHQGLIIHUHQWSXOVDWLQJUHJLPHV>@%\URWDWLRQRIWKHSRODUL]DWLRQ
FRQWUROOHUZHILQGD4VZLWFKHGSXOVHJHQHUDWLRQVKRZQLQ)LJD7KH
SXOVHSDUDPHWHUVREWDLQHGIURP)LJIRUDSXPSSRZHURIP:
DUH WKH IROORZLQJ RXWSXW SRZHU LV P:4VZLWFKHG SXOVH GXUDWLRQ
PHDVXUHGIURPWKHSXOVHWUDLQLVȝVWKHSXOVHHQHUJ\LVȝ-
WKHVSHFWUDO):+0LVQP)LJEDQGWKHUHSHWLWLRQUDWHLV
N+]%\URWDWLRQRIWKHSRODUL]DWLRQFRQWUROOHUZHILQGWKHVROLWRQSXOVHV
ZLWKPLQLPDOHQHUJ\SXOVHVSHFWUDRIDOO+0/RUGHUVIURPWKHVWWRWKH
WK:HFDQVHHWKDWWKHFHQWUDOZDYHOHQJWKGRHVQRWFKDQJH6SHFWUDO
):+0LQFUHDVHVIURPWRQPZLWKWKH+0/RUGHULQFUHDVHIURP
WKHVWWRWKHWKRQHV


)LJXUH  4VZLWFKHG SXOVH JHQHUDWLRQ D SXOVH WUDLQ ZLWK WKH
):+0RIȝVDQGUHSHWLWLRQUDWHRIN+]ESXOVHVSHFWUXPZLWK
WKH):+0RIQP
7KXVZHKDYHGHPRQVWUDWHGDGU\WUDQVIHUWHFKQLTXHIRUDSRO\PHU
IUHHVLQJOHZDOOHGFDUERQQDQRWXEHVDWXUDEOHDEVRUEHUIDEULFDWLRQRQD
VLGHSROLVKHG ILEHU )LQHWXQLQJ RI 6:&17SURSHUWLHV DOORZV ILWWLQJ IRU
SDUWLFXODUDEVRUEDQFHSHDNRQWKHVDWHGZDYHOHQJWKRIODVHUUDGLDWLRQ
0RUHRYHU GU\ WUDQVIHU RI WKLQ6:&17 ILOPV RQ D VXUIDFH RI WKH VLGH


SROLVKHG ILEHU DOORZV HQKDQFLQJ WKH SRZHU GHQVLW\ FDUERQ QDQRWXEH
VDWXUDEOH DEVRUEHU IDEULFDWLRQ LQ HYDQHVFHQW ILHOG LQWHUDFWLRQ
FRQILJXUDWLRQLQDQHDV\UREXVWDQGFRQWUROODEOHPDQDJHDEOHZD\7KH
VDWXUDEOHDEVRUEHUZDV IDEULFDWHGZLWK UHODWLYHO\ ORZ ORVVRI G% LQ
QRQSRODUL]HGOLJKWDQGSRVVHVVHGSRODUL]DWLRQGHSHQGHQWRQDORVVRI
G%WRH[FOXGHQRQOLQHDUSRODUL]DWLRQHYROXWLRQFRQWULEXWLRQWR WKHSXOVH
VKDSLQJ
 ),%(5%5$***5$7,1*6

)LEHU %UDJJ JUDWLQJV )%*V DUH XVHG LQ PDQ\ RSWLFDO DQG
RSWRHOHFWURQLFDSSOLFDWLRQV3RVVHVVLQJXQLTXHVSHFWUDOFKDUDFWHULVWLFV
)%*V DUH HPSOR\HG DV PLUURUV RI ILEHU ODVHU FDYLWLHV DQG RSWLFDO
FRQYHUWHUV IRU VWDELOL]LQJ WKH ZDYHOHQJWK RI VHPLFRQGXFWRU ODVHUV DV
QDUURZEDQG ILOWHUV DQG GLVSHUVLRQ FRPSHQVDWRUV LQ ILEHURSWLF
FRPPXQLFDWLRQV\VWHPVDVVHQVLQJHOHPHQWVRIILEHURSWLFVHQVRUVIRUD
YDULHW\RIDSSOLFDWLRQV>@DQGRWKHUSXUSRVHV
7KHUHVRQDQFHZDYHOHQJWKRIDQ)%*ZULWWHQLQWRDVLQJOHPRGHILEHU
LV GHWHUPLQHG E\ WKH SKDVHPDWFKLQJ FRQGLWLRQ ߣ஻ீ ൌ ʹ݊௘௙௙߉ ZKHUH
݊௘௙௙LVWKHHIIHFWLYHUHIUDFWLYHLQGH[RIWKHIXQGDPHQWDOPRGHRIWKHILEHU
DQG߉LVWKH)%*SHULRG&RQWUROOHGSUHFLVLRQWXQLQJRIWKHUHVRQDQFH
ZDYHOHQJWKRIDQ)%*UHTXLUHGWRWXQHWKHIUHTXHQF\RIODVHUVRXUFHV
DVZHOODVLQILEHURSWLFVHQVRUVRSWLFDOPRGXODWRUVVZLWFKHVDQGJDWHV
LV W\SLFDOO\ HQVXUHG E\ ORQJLWXGLQDO GHIRUPDWLRQ RI WKH )%*FRQWDLQLQJ
ILEHU VHFWLRQ RU E\ YDU\LQJ LWV WHPSHUDWXUH >@ ,Q WKH FDVH RI ILEHU
GHIRUPDWLRQ WKHFKDQJH LQߣ஻ீ LVPRVWO\GXH WR WKHFKDQJH LQJUDWLQJ
SHULRG߉ZKHUHDVWKHWHPSHUDWXUHSULPDULO\LQIOXHQFHV݊௘௙௙>@7KH
ORQJLWXGLQDOILEHUGHIRUPDWLRQDOORZHGߣ஻ீWREHWXQHGRYHUVHYHUDOWHQV
RIQDQRPHWHUVLQaPVZLWKRXWVLJQLILFDQWFKDQJHVLQWKHVKDSHRIWKH
)%*VSHFWUXP ,IDQ)%* LVKHDWHGE\ WKLQILOP UHVLVWLYHFRDWLQJV WKH
UHVRQDQFH ZDYHOHQJWK WXQLQJ UDQJH LV QDUURZHU EXW WKH ILEHU LV QRW
VXEMHFW WR GHIRUPDWLRQ DQG WKHUH LV QR QHHG WR ILUPO\ VHFXUH LW LQ D
GHIRUPDWLRQV\VWHP,QSDUWLFXODU/LPEHUJHUHWDO>@GHPRQVWUDWHGDQ
ߣ஻ீ VKLIW E\  QP ZLWK DQ HIILFLHQF\ RI  QP:± DV D UHVXOW RI
UHVLVWLYHKHDWLQJRIVLOLFDILEHUFRDWHGZLWKDWKLQSODWLQXPOD\HU$KLJK


WXQLQJHIILFLHQF\QP:±ZDVDFKLHYHGXVLQJRSWLFDOILEHUEDVHG
RQSRO\PHWK\OPHWKDFU\ODWH300$ZKRVHUHIUDFWLYHLQGH[LVDVWURQJHU
IXQFWLRQRIWHPSHUDWXUH>@
$6:&17ILOPDSSOLHGDVDFRDWLQJRQWKHODWHUDOVXUIDFHRIDORQJ
SHULRGILEHUJUDWLQJ/3)*PDNHVLWSRVVLEOHWRVXEVWDQWLDOO\LPSURYHWKH
VHQVLWLYLW\RI WKHUHVRQDQFHZDYHOHQJWKRIVXFKJUDWLQJVWRFKDQJHVLQ
WKH UHIUDFWLYH LQGH[ RI WKH DPELHQW PHGLXP >@ :H H[DPLQH WKH
IHDVLELOLW\RIWXQLQJWKHUHVRQDQFHZDYHOHQJWKRIDQ)%*YLDWKHUHVLVWLYH
KHDWLQJRIDQ6:&17EDVHGILOPSURGXFHGRQWKHODWHUDOVXUIDFHRIILEHU
LQWKH)%*UHJLRQ:HKDYHVWXGLHGFKDUDFWHULVWLFVRIWKHFRDWLQJEDVHG
RQ VLQJOHZDOO FDUERQ QDQRWXEHV DSSOLHG WR WKH ODWHUDO VXUIDFH RI DQ
RSWLFDO ILEHU YLD GU\ WUDQVIHU 7KH SURSRVHG WHFKQLTXH IRU SURGXFLQJ D
FRDWLQJIURPQDQRWXEHVREWDLQHGE\FKHPLFDOYDSRUGHSRVLWLRQRQDILOWHU
KDVEHHQVKRZQWRHQVXUHDKLJKXQLIRUPLW\RIWKHHOHFWULFDODQGWKHUPDO
SURSHUWLHV RI WKH FRDWLQJ DORQJ WKH ILEHU OHQJWK DQG DOORZ WKH ILEHU
WHPSHUDWXUH WREH WXQHGRYHUDZLGH UDQJHE\ UHVLVWLYHKHDWLQJRI WKH
FRDWLQJ 1RWH WKDW WKH SURSRVHG WHFKQLTXH IRU SURGXFLQJ D QDQRWXEH
FRDWLQJ RQ WKH ILEHU VXUIDFH LV VXIILFLHQWO\ VLPSOH LW UHTXLUHV QR
VSHFLDOL]HGSURFHVVHTXLSPHQW
)LEHU %UDJJ JUDWLQJV ZHUH 89 ZULWWHQ LQWR DQ 60)H VWDQGDUG
WHOHFRPILEHUE\DIUHTXHQF\GRXEOHG$UODVHUQPXVLQJD/OR\G
LQWHUIHURPHWHUEDVHGZULWLQJV\VWHP>@7RLPSURYHWKHSKRWRVHQVLWLYLW\
RI WKH ILEHU LW ZDV ILUVW VXEMHFWHG WR ORZWHPSHUDWXUH K\GURJHQ LQ D
FKDPEHUDWDSUHVVXUHRIaDWPDQGDWHPSHUDWXUHRI&IRUK
0ROHFXODUK\GURJHQUHPDLQLQJLQWKHJODVVQHWZRUNDIWHU)%*LQVFULSWLRQ
ZDVUHPRYHGE\DVLPLODUKHDWWUHDWPHQW7KHUHVRQDQFHZDYHOHQJWKRI
WKH)%*VZDVQHDUPP7KHJUDWLQJVaPPLQOHQJWKKDGDKLJK
UHIOHFWLYLW\aDQGDEDQGZLGWK):+0RIaQP
%HIRUH )%* LQVFULSWLRQ D aPPORQJ VHFWLRQ RI WKH ILEHU ZDV
PHFKDQLFDOO\ VWULSSHG RI WKH SURWHFWLYH SRO\PHU FRDWLQJ $IWHU JUDWLQJ
LQVFULSWLRQ D FRDWLQJ FRQVLVWLQJ RI VHYHUDO WHQV RI 6:&17FRQWDLQLQJ
OD\HUVZDVSURGXFHGRQWKLVVHFWLRQ7KHILOPVZHUHWUDQVIHUUHGIURPWKH
ILOWHUVXUIDFHWRWKHODWHUDOVXUIDFHRIWKHVWULSSHGILEHUVHFWLRQFRQWDLQLQJ


WKH)%*DVIROORZV WKHILOPRQWKHILOWHUZDVSUHVVHGDJDLQVWWKHILEHU
DQGDGKHUHGWRLW1H[WLWZDVZRXQGRQWRWKHILEHU±WXUQV
)LJ  VKRZV D SKRWRJUDSK RI WKH GHYLFH DQG VFDQQLQJ HOHFWURQ
PLFURVFRS\LPDJHRIWKHODWHUDOILEHUVXUIDFHFRDWHGZLWK6:&17V$Q
DQDO\VLVRIWKH6(0LPDJHVKRZHGWKDWWKHFRDWLQJZDVKLJKO\XQLIRUP
DORQJWKHILEHUD[LVWKHUHZHUHQRIROGVRURWKHUKHWHURJHQHLWLHVDQGWKDW
LWVWKLFNQHVVZDVaȝPQXPEHURIOD\HUVPXOWLSOLHGE\WKHWKLFNQHVV
RIDVLQJOHOD\HULH6:&17ILOPWKLFNQHVV
)LJXUH2SWLFDO DQGVFDQQLQJHOHFWURQPLFURVFRS\ LPDJHRI DQ
RSWLFDOILEHUZLWK6:&17FRDWLQJ
7KHHOHFWULFDOUHVLVWDQFHRIWKHFRDWLQJZDVPHDVXUHGDVDIXQFWLRQ
RILWVOHQJWKE\WKHIRXUSUREHPHWKRGXVLQJDQ03,76SUREHVWDWLRQ
DQG .H\VLJKW $ PXOWLPHWHU DQG WKH UHVXOWV FRQILUPHG WKDW WKH
FRDWLQJZDVVSDWLDOO\XQLIRUP$VVHHQLQ)LJWKHH[SHULPHQWDOGDWD
DUHZHOOUHSUHVHQWHGE\DVWUDLJKWOLQHZLWKDVORSHRIȍPP



)LJXUH  (OHFWULFDO UHVLVWDQFH RI WKH FRDWLQJ PHDVXUHG DV D
IXQFWLRQRIWKHVHSDUDWLRQEHWZHHQWKHLQQHUFRQWDFWVE\WKHIRXUSUREH
PHWKRG
7KHH[SHULPHQWDOGDWDSUHVHQWHGLQ)LJGHPRQVWUDWHWKDWLQWKH
FRQVLGHUHGUDQJH'O%*LVDOLQHDUIXQFWLRQRIWKHHOHFWULFSRZHUGHOLYHUHG
WR WKH FRDWLQJZLWK D VORSH RI  QP:±ZKLFK FRUUHVSRQGV WR WKH
UHVRQDQFHZDYHOHQJWKWXQLQJHIILFLHQF\'O%*3 QPFP:±IRUDQ
)%* RI XQLW OHQJWK 7KH ULJKW YHUWLFDO D[LV LQ )LJ  UHSUHVHQWV WKH
WHPSHUDWXUHFKDQJH'7LQWKH6:&17FRDWHGILEHUVHFWLRQDVHVWLPDWHG
IURPWKHWHPSHUDWXUHVHQVLWLYLW\RIO%*,WLVVHHQWKDW:RIHOHFWULF
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 ZKLFK LV GHULYHG IURP WKH VORSH RI WKH OLQH LQ )LJ  7KLV YDOXH
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FRLQFLGHVZLWKWKDWREWDLQHGE\&RVWDQWLQLHWDO>@IRUDPHWDOFRDWHG
ILEHU

)LJXUH(IIHFWRIWKHHOHFWULFSRZHUGHOLYHUHGWRWKHFRDWLQJRQ
WKHUHVRQDQFHZDYHOHQJWKRIWKH)%*
$6:&17ILOPVDSSOLHGDVDFRDWLQJRID)%*FRQWDLQLQJILEHUVHFWLRQ
DOORZHGXVWRWXQHWKHUHVRQDQFHZDYHOHQJWKRI WKHJUDWLQJRYHUPRUH
WKDQQPZLWKDQHIILFLHQF\RIQP:YDU\LQJ WKHHOHFWULFSRZHU
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7KHSUREOHPRIWKHV\QWKHVLVRIVLQJOHZDOOHGFDUERQQDQRWXEHVZLWK
WDLORUHG FKDUDFWHULVWLFV ZDV DGGUHVVHG E\ WKH WKRURXJK VWXG\ RI WKH
V\QWKHVLVDQGGDWDSURFHVVLQJIROORZHGE\DGHPRQVWUDWLRQRIDGYDQFHG
DSSOLFDWLRQV RI 6:&17 ILOPV 7KH UHVHDUFK UHVXOWHG LQ WKH IROORZLQJ
DFKLHYHPHQWV
$QHZUHDFWRUIRUDHURVRO&9'JURZWKRI6:&17VHTXLSSHGZLWKD
VSDUNGLVFKDUJHJHQHUDWRURIFDWDO\VWQDQRSDUWLFOHVZDVGHYHORSHG7KH
QHZGHVLJQUHVXOWHGLQDPRUHUREXVWDSSDUDWXVFRPSDUHGWRIHUURFHQH
W\SHRIDHURVRO&9'UHDFWRUV3UHFLVHFRQWURORYHUWKHVL]HRIDFDWDO\VW
SDUWLFOHZLWKLQDZLGHUDQJHRIRSHUDWLQJUHJLPHVPDNHVWKHV\VWHPIRU
WKH6:&17V\QWKHVLVPRUHVFDODEOHDQGVWDEOH
$GYDQFHGFRQWURORYHU WKHGLDPHWHUGLVWULEXWLRQGHIHFWLYHQHVVDQG
WKH \LHOG ZDV DFKLHYHG E\ XVLQJ IRU WKH ILUVW WLPH WKH DUWLILFLDO QHXUDO
QHWZRUNV 7KLV DOORZHG HVWDEOLVKLQJ D FRUUHODWLRQ EHWZHHQ UHDFWRU
SDUDPHWHUV DQG NH\ 6:&17 FKDUDFWHULVWLFV 7KH QHZ PHWKRGRORJ\
WXUQHGWREHXVHIXOIRUWKHDGMXVWPHQWRIWKHGLDPHWHURIWKH6:&17V
WKH\LHOGDQGWKHLPSURYHPHQWRIWKHTXDOLW\RI6:&17VE\PLQLPL]DWLRQ
RIDPRUSKRXVFDUERQ
$ QRYHO WHFKQLTXH IRU WKH SRVWV\QWKHVLV LPSURYHPHQW RI HOHFWUR
RSWLFDOFKDUDFWHULVWLFVRI6:&17ILOPVE\ODVHUWUHDWPHQWZDVGHYHORSHG
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 LL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DVDWXUDEOHDEVRUEHUEDVHGRQ
6:&17VVKRZLQJ IHPWRVHFRQGSXOVHJHQHUDWLRQDQG ORZGHJUDGDWLRQ
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Single-walled carbon nanotubes (SWCNTs) are of a unique family of materials 
emerging high-performance applications in electronics and optoelectronics. 
However, despite significant progress over the last 25 years, the problem of 
SWCNT production with tailored characteristics, the absence of the growth models 
and post-synthesis methods to improve specific SWCNT properties are still the 
main barriers towards a wide range of applications. The methods of the SWCNT 
synthesis, data processing and SWCNT treatment developed so far are still not 
fully optimized.  
In the current thesis, the abovementioned problems were addressed with the 
following demonstration of advanced applications of SWCNT films: 
A new reactor for the aerosol CVD growth of SWCNTs equipped with a spark 
discharge generator of catalyst nanoparticles was developed. The design 
proposed resulted in a robust apparatus when compared with the ferrocene CVD 
reactor. The stability and scalability of the SWCNT synthesis are the main benefits 
of the spark discharge generator. 
An advanced control on the diameter distribution, defectiveness, and the yield 
for the first time was achieved through the use of the artificial neural networks 
(ANN). This allowed us to achieve a precise control towards mutual relation 
between the reactor parameters and key SWCNT characteristics. The 
methodology proposed can help with adjusting the diameter distribution, yield and 
quality of SWCNTs with prediction error 4%, 14%, 23% respectively for very a 
limited data set. 
A novel technique for the post-synthesis improvement of electro-optical 
characteristics of SWCNT films by a laser treatment was proposed. In this process 
by a short pulse laser irradiation, the transparency of SWCNT films increases 
without any changes in conductivity presumably due to the oxidation of the catalyst 
particles. We improved transparency by 4%, and decreased equivalent sheet 
resistance by 21%. 
All developed techniques and methods contributed to the synthesis of SWCNTs 
with defined characteristics open a new possibility for their applications. Thesis 
work includes three different electro-optical devices with advanced performance: 
I) a bolometer based on a freestanding SWCNT film showing response time of 2.6 
ms at room temperature and 1 mbar (several times faster than the corresponding 
industrially applied devices); II) an SWCNT-based heating element of fiber Bragg 
grid for smooth tuning of the resonant wavelength and a stable laser signal; III) a 
saturable absorber based on SWCNT films showing femtosecond pulse generation 
and low degradation rate.  
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